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NATIONAL ADVISORY COMMITTEE FOR MRONAUTICS 

RESEARCH MENORANDUM 

A SUMMARY AND ANALYSIS OF THE LOW-SPEED LONGITUDINAL 

CHARACTERISTICS OF SWEPT WINGS AT 

HIGH FWYNOLDS NUM€BR 

By G. Chester Furlong and James G. McHugh 

S U M M A R Y  

The low-speed longitudinal characteristics of swept wings derived 
primarily from investigations at high Reynolds numbers are summarized 
and analyzed. Two basically different types of flow separation, 
trailing-edge separation and leading-edge separation, are identified 
and discussed; and it is shown that in the case of a sweptback wing, 
either type or a mixture of the two types of separation may occur. The 
type of separation encountered on any particular wing is dependent 
primarily on the leading-edge radius, leading-edge sweep angle, Reynolds 
number,. and aspect ratio. 
generalized trends in the lift, drag, and pitching moment can be 
established. 

When the type of flow separation is defined, 

Methods of stall control applicable to each type of flow separation 
are discussed and the effectiveness of the various methods (devices and 
wing geometry) currently available is indicated. The important influence 
that the vertical position of the horizontal tail has on the over-all 
stability of airplane configurations both with and without stall-control 
devices is considered, and generalized procedures far predicting tail 
effectiveness are presented. 

The effectiveness of various high-lift devices in the linear lift 
range and at maximum lift has been summarized, and the advantages of the 
various types are noted. 

For the convenience of the designer, the more significant available 
data, as of August 15, 1951, on the longitudinal characteristics of swept, 
delta, and thin straight wings are compiled in convenient tabular form. 
In general, the tabulated data were obtained at a Reynolds number of 
6.0 x lo6, but, f o r  a few significant Configurations where such high 
Reynolds number data were not available, the results of tests at Reynolds 
numbers as low as 4.0 x lo6 have been included. 
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A t  the  t i m e  the  swept wing w a s  f i rs t  proposed f o r  high-speed f l i g h t  
( refs .  1 t o  g ) ,  it was recognized t h a t  the induced angle-of-attack 
d is t r ibu t ion  and the  charac te r i s t ic  boundary-layer growth on such wings 
would promote t i p  stall .  
l i f t  capabi l i t i es  of swept wings t o  be materially l e s s  than f o r  compa- 
rable s t r a igh t  wings. Both the t i p - s t a l l i ng  tendencies and low values 
of a t ta inable  l i f t  of swept wings consti tuted landing and take-off 
problems requiring considerable research a t  low speeds. 

In  addition, simple sweep theory indicated the 

In  an ear ly  summary of the longitudinal s t a b i l i t y  character is t ics  
of swept wings, Shortal  and Maggin (ref. 10) established a re la t ion  
between wing plan-form parameters and the type of longitudinal s t a b i l i t y  
t h a t  exis ted a t  o r  p r io r  t o  maximum l i f t  and, on the basis  of such a 
correlation, showed t h a t  longitudinal i n s t a b i l i t y  due t o  t i p  s t a l l i n g  
was dependent primarily on aspect r a t i o  and sweep angle. 
available a t  tha t  time,-they established an empirical var ia t ion of 
aspect r a t i o  with sweep angle t h a t  defined a s t a b i l i t y  boundary. 

With the data  

In the  ensuing years, the low-speed research e f f o r t  has been 
directed toward determining the charac te r i s t ics  of swept wings, under- 
standing the basic flow phenomena, and developing means t o  improve the 
s t a b i l i t y  charac te r i s t ics  of those wings the geometry of which was such 
a s  t o  place them on the unstable s ide of the s t a b i l i t y  boundary of 
reference 10. Much work has a l so  been directed toward obtaining sa t i s -  
factory longitudinal charac te r i s t ics  with horizontal  tai ls  i n  combi- 
nation with wings f a l l i n g  on e i t h e r  s ide of the s t a b i l i t y  boundary. 

A s  a r e su l t  of t h i s  intensive research e f for t ,  a large amount of 
l i t e r a t u r e  has accumulated i n  which the charac te r i s t ics  of many wings 
are described both with and without various devices f o r  improving the 
character is t ics .  Inasmuch as  the l i t e r a t u r e  i s  comprised of many 
individual investigations,  the present authors have undertaken t o  pro- 
vide a comprehensive review of the present knowledge of the low-speed 
charac te r i s t ics  of swept wings. The present paper has two specif ic  
purposes. The first is  t o  make an analysis and generalization of these 
data i n  order t o  show the  basic e f f ec t s  and trends of sweep and thus 
provide greater  usefulness of the  data  by permitting reasonable interpo- 
l a t i o n  and extrapolation. The second i s  t o  summarize i n  tabular  form 
the basic r e su l t s  obtained a t  large Reynolds numbers (above 4.0 x lo6) 
a t  low Mach numbers (less than 0.25). Two deviations from the s ta ted  
purposes are noted i n  t h a t  unpublished data  available t o  the authors 
have been used t o  supplement the l i t e r a t u r e  on swept wings and a l so  tha t  
data  available (published and unpubli.shed) on s t r a igh t  low-aspect-ratio 
wings sui table  fox- supersonic speeds have been included with the tabulated 
data on swept wings. Insofar as possible a l l  large-scale data available 
as of August 15, 1951 have been included i n  the tables .  
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The static-longitudinal-stability problem is analyzed in terms of 
the effects of such parameters as aspect ratio, sweep, and leading-edge 
radius. The influence of stall-control devices, high-lift devices, and 
a horizontal tail on the stability of swept wings is considered in 
detail. The lift characteristics of swept wings are analyzed with 
respect to the same parameters and devices. 
included concerning the drag of swept wings. 
data are summarized with very little discussion in 47 tables located at 
the end of the text. 

A few remarks have also been 
The high Reynolds number 

Deficiencies and inadequacies may, of course, be noted in the 
present accumulation of data, and the possibility exists that the schemes 
of analysis presented herein may undergo revision as the apparent gaps 
are filled. 

S Y M B O L S  A N D  T E R M I N O L O G Y  

SYMBOLS 

CL 

L 

C 
hELX 

1 

CD 

D 
k 

li f t coefficient 

lift 

increment of lift coefficient at a = OO 

maximum lift coefficient 

increment of maximum lift coefficient 

lift-curve slope 

section lift coefficient 

section maximum lift coefficient 

pitching-moment coefficient about 0.25~' 

drag coefficient 

drag 
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D i  
C 

‘Dmin 

Do 
C 

d0 
Wake c 

P 

cQ 

R 

M 

dw 
da 
- 

a 

B 

6f 

8ri 

a.c. 

c.g. 

rl 

J 

7 

e 

S 

induced-drag coefficient 

minimum-drag coeff ic ient  

prof ile-drag coeff ic ient  

section profile-drag coefficient obtained by momentum 
method 

pres sure coefficient 

suction flow coeff ic ient  

Reynolds number 

Mach number 

r a t e  of r i s e  of wake center location re la t ive  t o  extended 
wing-chord plane with angle of a t tack  

angle of attack 

angle of a t tack  a t  maximum l i f t  coeff ic ient  

downwash angle 

trailing-edge-flap def lect ion 

deflection of leading-edge f lap,  slat  o r  droop 

aerodynamic center 

center of gravity 

aspect-rat io  correction fac tor  (see ref .  11) 

fac tor  depending on aspect ra t io ,  taper  ra t io ,  and f l ap  
span (see ref.  12) 

t a i l  effectiveness parameter (see re f .  13) 

wing efficiency fac tor  

wing area 
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S' 

b 

C '  

- 
C 

C 

C" 

Y 
A 

A 

h 

z 

v 
i 

Subscripts : 

c14 
LE 
e 

W 

t 

wing area affected by suction 

wing span 

mean aerodynamic chord ($,,* c.3) 

average chord 

loca l  chord pa ra l l e l  t o  the plane of symmetry 

r a t i o  of chord of leading-edge f l ap  t o  loca l  wing chord 

l a t e r a l  coordinate 

aspect r a t i o  

angle of sweepback 

taper r a t i o  

ve r t i ca l  distance from extended wing-chord plane 

t a i l  volume 

incidence 

quarter -chord l i n e  

leading edge 

effect ive 

wing 

t a i l  

Abbreviations : 

L.E. leading edge 

T.E.  t r a i l i n g  edge 

TERMINOLOGY 

n A cer ta in  la t i tude  has been necessary i n  the def ini t ion of various 
terms and i n  the nomenclature of various devices. For example, some 
references use the term "usable" maximum l i f t ,  whereas others use the 
term "inflection" l i f t .  I n  both cases the t e r m s  usable and inf lect ion 

k 
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are  used t o  designate the l i f t  coefficient a t  which there i s  a decided 
s h i f t  i n  aerodynamic center. Differences i n  def in i t ion  and nomenclature 
have been pointed out where comparison with the reference report  might 
not be c lear ly  understood. 

P R E S E N T A T I O N  O F  D A T A  

A l l  pitching-moment data, unless otherwise specified, are computed 
about the 0.25 mean aerodynamic chord. For convenience, t h i s  moment 
center w i l l  be considered the center of gravity and hence the longi- 
tudinal s t a b i l i t y  may be referred t o  as e i t h e r  s tab le  o r  unstable. 

Insofar as possible, a tabular  form has been used t o  summarize the 
large amount of data  available (refs. 13 t o  66). An index t o  the tabu- 
la ted  data  has been presented i n  tab le  1. 
the most par t  self-explanatory; some data which were repet i t ious and 
overlapping have been excluded. A l l  data have been referenced s o  tha t  
the reader may eas i ly  re fer  t o  the detai led conditions under which'the 
t e s t s  were made. It w i l l  be noted tha t  values of hx and hX are  
l i s t e d  i n  the headings of each table.  These values of Reynolds number 
and Mach number represent the highest values a t  which the wing was 
tested.  Inasmuch a s  t e s t s  of the wing plus gadgets were i n  most cases 
confined t o  lower values of Reynolds number and Mach number, the data 

6 i n  the tables  were r e s t r i c t ed  t o  a Reynolds number range between 6.0 x 10 
6 and 7.0 x 10 . I n  some cases data were available only a t  Reynolds number 

lower than 6.0 x 10 and i n  such cases the values of R,, and kx 
define the t e s t  conditions f o r  the tabulated data. 

The tables  2 t o  48 are  f o r  

6 

The column headings have the following general significance: 

Span L.E. device (b/2). - The span of the leading-edge device (slat, 
flap, e tc . )  i s  given i n  f ract ion of wing semispan. The outboard end of 
the device i s  located between 97 percent and 100 percent of semispan. 

Span T.E. device (b/2).- The span of the trailing-edge h igh- l i f t  
device i s  given i n  f ract ion of wing semispan. With few exceptions the 
inboard end of the device i s  located a t  the plane of symmetry when a 
fuselage i s  not present. Some investigators measured the f lap  deflection 
i n  a plane pa ra l l e l  t o  the a i r  stream whereas others measured it i n  a 
plane perpendicular t o  constant percent l i n e  on the swept panel. Refer- 
ence t o  the or iginal  paper should be made when such de ta i l s  a r e  required. 

Configuration.- The sketches shown a s s i s t  i n  interpret ing the table,  
although plan-form de ta i l s  a r e  unavoidably lacking except i n  those cases 
where deemed absolutely necessary. 
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.- In  many cases the tops of the lift curves were r e l a t ive ly  
cLmaX 

f l a t  and the select ion of the maximum value was d i f f i c u l t .  I n  such 
cases consideration w a s  given t o  the angle-of-attack range involved and 
the value w a s  selected a t  the angle of a t tack  a t  which the lift effec- 
t i ve ly  leveled off.  

Was 
cLJIlaX 

amax.- Angle of a t tack  a t  which the tabulated value of - 
first obtained. 

L/D a t  0 . 8 5 ~ ~  .- The values of l i f t -drag  r a t i o  obtained a t  a l i f t  
X 

a r e  presented i n  order t o  provide a comparison 
L m a X  

coefficient of 0 . 8 3 ~  

among the configurations i n  the h igh- l i f t  range. 

C, character is t ics . -  The longitudinal s t a b i l i t y  charac te r i s t ics  are 
quite eas i ly  compared from these compressed figures.  

The data presented i n  the figures attempt t o  i l l u s t r a t e  the trends 
indicated by the tabular  data. 
data from references 67 t o  88 have been used i n  the preparation of the 
figures. 
i t s  influence on the aerodynamic charac te r i s t ics  cannot be isolated 
quantitatively except i n  the most general degree. An index t o  the 
f igures  i s  presented on page 64. 

I n  addition t o  the data from the tables,  

Unfortunately, sweep i s  only one of the variables. and hence 

F L O W  C O N S I D E R A T I O N S  

Fundamental t o  the improvement of both the s t a b i l i t y  and maximum 
l i f t  charac te r i s t ics  of swept wings i s  a knowledge of those factors  
which both influence and induce flow separation. It has been found tha t  
on cer ta in  sweptback wings leading-edge separation may precede o r  
accompany trailing-edge separation with the r e su l t  t ha t  the var ia t ions 
of pitching-moment coeff ic ient  with l i f t  coeff ic ient  a r e  quite unlike 
those obtained when only trailing-edge separation i s  involved. Simi- 
la r ly ,  appreciable differences i n  the maximum lift charac te r i s t ics  ex i s t  
between swept wings exhibit ing trailing-edge separation and those exhib- 
i t i n g  leading-edge separation. Inasmuch a s  the s t a b i l i t y  and l i f t  char- 
a c t e r i s t i c s  and the required methods of flow control associated with 
leading-edge separation a re  so different  from those associated with 

m trailing-edge separation, an attempt has been made, i n  the following 
sections, t o  present the basic phenomena of the d i f fe ren t  types of flow 
separation. 

Q One ef fec t  a t t r ibu tab le  t o  sweep is  a change i n  the spanwise d i s t r i -  
bution of induced angle of such nature as t o  cause the load on the wing 
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of a given aspect r a t i o  and taper  r a t i o  t o  be concentrated fur ther  out- 
board when the sweep angle is  increased ( f ig .  1). 
consequent l o s s  i n  l i f t  over the outboard sections would necessarily 
precede t h a t  over the inboard sections. 

Flow separation and 

The induced camber which ex i s t s  on e i the r  a swept or unswept wing 
The negative induced i s  negative a t  the t i p  and posit ive a t  the root. 

camber a t  the  t i p  sections produces adverse pressure gradients very 
conducive t o  flow separation whereas the posi t ive induced camber a t  the 
root sections minimizes the adverse pressure gradients so tha t  the flow 
over these sections i s  very res i s tan t  t o  flow separation. The more 
s ignif icant  e f fec t  of induced camber is, therefore, i t s  influence on 
the chordwise pressure gradients across the span. 

TRAILING-EDGE SEPARATION 

Another fac tor  which promotes t i p  s ta l l  and which i s  a t t r ibu tab le  
t o  sweep, or a t  l e a s t  accentuated by it, is  the way the boundary layer 
flows on the  wing. Elementary considerations of the pressures on a 
s t ra ight  wing indicate an outflow of the boundary layer  on the lower 
surface and an inflow of the boundary layer  on the upper surface. When 
sweep i s  introduced, the respective chordwise pressure dis t r ibut ions a r e  
staggered so  tha t  on any l ine  perpendicular t o  the plane of symmetry the 
pressures, f o r  example, on the upper surface become more negative with 
an increase i n  distance from plane of symmetry. A pressure gradient, 
therefore, e x i s t s  from root t o  t i p  which induces a boundary-layer flow 
from root t o  t i p .  

The degree t o  which the outflow i s  established a t  any given value 
of l i f t  coeff ic ient  is  dependent primarily on the sweep angle involved. 
The outflow of the  boundary layer  produces excessively thick boundary 
layers over the t i p  sections which separate more eas i ly  than those of 
normal thicknesses and effect ively removes the boundary layer  from the 
inboard sections which makes the boundary layer  over these sections more 
res i s tan t  t o  separation. 

The combined e f f ec t s  of the induced-angle d is t r ibu t ion  on the span- 
wise loadings, induced camber, and boundary-layer growth over the t i p  
sections on the sec t ion- l i f t  character is t ics  of a high-aspect-ratio, 
highly sweptback wing a r e  indicated by the data presented i n  figure 2. 
The a i r f o i l  sections incorporated i n  the wing were 12 percent thick and 
the chordwise pressure dis t r ibut ions indicated tha t  flow separation 
progressed from the t r a i l i n g  edge t o  the leading edge of the t i p  sections. 
The maximum l i f t  coeff ic ients  of the t i p  sections f a l l  f a r  short  of the 
maximum l i f t  coeff ic ients  of the root sections. 
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Some in te res t ing  boundary-layer s tudies  made a t  low Reynolds nwn- 
bers on a 35' sweptback wing (refs. 89 and 90) reveal the  complexities 
which arise from the outflow of the boundary layer. 
sented i n  references 89 and 90 show, t ha t  the outflow may be as much as 
25' on the  surface of the wing whereas the  flow a t  the upper edge of the 
boundary layer  may be directed toward the plane of symmetry as much as 
loo. I n  many investigations of wings having sweep angles greater  than 
3 5 O ,  surface t u f t s  have indicated outflow much i n  excess of 25'. The 
development, growth, and separation of a turbulent boundary layer, com- 
plex i n  two-dimensional flow, becomes even more complex when sweep is 
introduced. 

The r e su l t s  pre- 

The variations of pitching moment with lift t o  be obtained when the 
t i p  separation i s  present are indicated i n  figure 3. "he data  indicate 
the extent t o  which the wing w i l l  become longitudinally unstable a t  the 
s ta l l  if the sweep angle i s  increased whereas a l l  other  parameters are 
held constant. Further increases i n  sweep angle f o r  this par t icu lar  
wing would r e su l t  i n  unstable tendencies a t  progressively lower values 
of l i f t  coefficient.  

LEADING-EDGE SEPARATION 

When sweep i s  incorporated i n  a wing, the a i r f o i l  sections of which 
exhibit  a pronounced leading-edge-separation bubble, a conical vortex 
lying on the wing surface can be observed (ref .  71). "he existence of 
such a vortex flow i s  not limited t o  only those wings incorporating a i r -  
f o i l  sections which exhibit  a separation bubble but i t s  presence on them 
is  more eas i ly  predicted. 
a swept wing is  great enough it may cause an a i r f o i l  sect ion which i n  
two-dimensional flow stalls from the t r a i l i n g  edge t o  s ta l l  from the 
leading edge. 
necessary t o  the formation of the vortex flow is  developed. 
w i s e  extent of the localized leading-edge vortex due t o  the induced 
camber over the t i p  sections probably depends most d i r ec t ly  on the  values 
of leading-edge r ad i i  involved. The influence of leading-edge radius on 
the formation of a leading-edge-vortex flow of suf f ic ien t  strength t o  
a f f ec t  materially the aerodynamic character is t ics  of swept wings w i l l  be 
discussed subsequently. 

For example, if the induced camber e f f ec t  on 

The r e su l t s  may be that a leading-edge-separation bubble 
The span- 

The leading-edge-vortex flow resu l t s  from both the  leading-edge 
separation bubble and the spanwise pressure gradient introduced by sweep 
and has been observed t o  be conical i n  cross section perpendicular t o  
the leading edge with the diameter of the cone increasing i n  the t i p  
direction. This shape a r i s e s  from the f ac t  t ha t  a t  the t i p  sections the 
vortex contains an accumulation of the dead a i r  t h a t  has drained from the 
more inboard sections. Probe studies made on the DM-1 gl ider  modified t o  
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provide a sharp leading edge indicated the presence of a vortex lying 
on the wing surface (ref. 91) ; however, the pressure-distribution tests 
on a No sweptback wing of aspect r a t i o  3.5 and incorporating circular- 
a r c  a i r f o i l  sections (ref. 71) seem t o  be the first t o  i l l u s t r a t e  the 
mechanics of t h i s  type of separation. 
have been schematically i l l u s t r a t e d  i n  figure 4. The presence of the 
vortex flow reduces the leading-edge pressures but a t  the same time 
broadens the  regions of high chordwise loading and causes rearward s h i f t s  
i n  center of pressure. Althou& the section l i f t  character is t ics  pre- 
sented i n  figure 4 do not indicate a strong influence of the vortex flow 
a t  the outermost s ta t ion,  pressure-distribution data of reference 71 show 
it t o  ex is t .  It is  probable that the  concentration of boundary-layer a i r  
over the rear par t  of the t i p  sections separates ear ly  and hence tends t o  
nu l l i fy  the  e f f ec t s  of the vortex flow so t h a t  the resul t ing l i f t  i s  low 
but f a i r l y  l i nea r  t o  the s t a l l  f o r  t h i s  section. With an increase i n  
angle of attack, the  vortex becomes stronger over the more inboard 
s ta t ions  and the boundary-layer concentration i s  swept off  a s  the vortex 
i s  shed from the wing. The r e su l t  i s  tha t  these s ta t ions  experience an 
increase i n  l i f t -curve slope a s  indicated by the data of the 0.60b/2 s ta-  
t ion.  With fur ther  increase i n  angle of a t tack the vortex moves inboard 
along the t r a i l i n g  edge and leaves more of the t i p  sections i n  a diffused 
region of vortex flow whereas the inboard sections a re  experiencing an 
increase i n  l i f t -curve slope because of the increased strength of the 
vortex flow. 

The r e su l t s  of t h i s  investigation 

These changes i n  l i f t  character is t ics  brought about by the vortex 
flow produce rather  severe changes i n  the pitching-moment character is t ics  
through the lift range. 
the pitching-moment curve occurs when the vortex has formed with appreci- 
able strength over the outboard sections. The vortex moves inboard along 
the t r a i l i n g  edge with an increase i n  angle of attack, thus the t i p  sec- 
t ions a r e  i n  a diffused region of vortex flow and t h e i r  l i f t -curve slopes 
a re  decreased. A t  the same t i m e  the inboard sections a r e  experiencing 
an increase i n  l i f t -curve slope. The changes i n  span loading associated 
with these e f fec ts  cause a destabi l iz ing pitching-moment var ia t ion through 
the moderate lift range. A t  maximum l i f t  it i s  possible tha t  the vortex 
has moved inboard suf f ic ien t ly  t o  cause a rearward s h i f t  i n  the centers 
of  pressure, and hence a s table  pitching-moment break a t  maximum l i f t  i s  
obtained or t ha t  the s table  pitching moment merely resu l t s  from the tend- 
ency of the wing t o  assume the pitching-moment coefficient fo r  the 
s t a l l e d  f la t -p la te  plan form f o r  t h i s  wing. 

A s  can be seen i n  figure 4, the i n i t i a l  dip i n  

Although a sharp leading-edge wing i s  an extreme case used t o  i l l u s -  
trate the mechanics of vortex flow, recent pressure-distribution tests 
on a wing of NACA 64A006 ser ies  a i r f o i l  sections (ref. 92) permits the 
same analysis.  
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The sweep angle a t  which vortex flow assumes a contributing role  
appears t o  be related t o  the leading-edge radius of the a i r f o i l  sections 
employed. 
f i c i en t  a t  which the vortex flow is  i n i t i a l l y  formed i s  a l so  a variable 
t o  be considered. O f  immediate concern, however, i s  the rather  broad 
grouping of those wings which a re  subject t o  the influences of vortex 
flow and those wings which are not, and l i f t  considerations w i l l  be 
dea l t  with subsequently.) 
with a i r f o i l  thickness; hence, the thinner the wing, the lower the sweep 
angle a t  which the vortex flow i s  observed. Figure 5 has been prepared 
from admittedly meager data, but it does indicate regions influenced by 
vortex flow and not influenced by vortex flow. 
could have been used i n  the preparation of t h i s  figure, they were not 
used because probe studies were lacking or there was a doubt as t o  
whether or not the two-dimensional section would exhibit  a separation 
bubble. It should be pointed out t ha t  two values of leading-edge radius 
a re  shown fo r  several  of the wings used t o  es tabl ish t h i s  boundary. In 
such cases, the wings were not constructed with t h e i r  theoret ical  a i r -  
f o i l  sections pa ra l l e l  t o  the a i r  stream. The smaller leading-edge 
radius shown i n  figure 5 f o r  each of these wings was obtained by multi- 
plying the normal radius of the theoret ical  section by the cosine of the 
angle through which the a i r f o i l  sections were rotated. This resu l t  i s  
believed t o  give a f a i r  approximation of the streamwise radius. 

(It i s  necessary a t  t h i s  point t o  s t a t e  t ha t  the l i f t  coef- 

The leading-edge radius decreases rapidly 

Although additional data 

Inasmuch as  leading-edge separation i s  dependent on Reynolds number 
( re f .  931, the vortex flow tha t  resu l t s  when sweep i s  introduced i s  a l so  
dependent on Reynolds number. 
in f lec t ion  lift coefficient with Reynolds number a re  presented fo r  two 
50° sweptback wings having aspect ra t ios  approximately 2.9. 

NACA 64,--112 a i r f o i l  sections. 
found t o  be concurrent with a vortex flow lying along the leading edge 
and of such a s i ze  as  t o  be v i s ib l e  i n  probe studies.  
probe studies gave the impression of a ra ther  sudden formation of the 
leading-edge vortex concurrent with the inf lec t ion  i n  l i f t -curve slope, 
but it i s  probable tha t  the formation grows over a f i n i t e  l i f t  range t o  
a s ize  great enough t o  influence the section l i f t  character is t ics .  The 
resu l t s  indicate that ,  whereas the inf lec t ion  l i f t  of the wing of 
circular-arc a i r f o i l  sections i s  not influenced by var ia t ion i n  Reynolds 
number, the inf lec t ion  lift f o r  the wing incorporating the NACA 641-112 
a i r f o i l  sections i s  great ly  affected.  This r e su l t  implies t ha t  the 
boundary of vortex flow i l l u s t r a t ed  i n  figure 5 f o r  data a t  approximately 
6.0 x 10 6 Reynolds number would probably have a lower slope f o r  data a t  
higher t e s t  Reynolds number and a higher slope f o r  data a t  lower t e s t  
Reynolds numbers. 

For example, i n  figure 6 the variations i n  

One wing 

The inf lect ion l i f t  coefficients were 
c incorporztes circular-arc a i r f o i l  sections, and the other incorporates 

Actually, the 
4 
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It has been indicated tha t  the presence of the vortex flow pro- 
duces undesirable pitching-moment character is t ics .  This must be quali- 
fied, however, as  indicated by the data presented i n  figures 7 and 8. 
Figure 7 shows the influence of sweep on the  pitching-moment character- 
i s t i c s  of a wing the a i r f o i l  sections of which exhibit  a separation 
bubble i n  two-dzmensional flow and which a t  30° sweep would be expected 
t o  have a spanwise pressure gradient suf f ic ien t ly  strong t o  r e su l t  i n  
vortex flow. The data presented i n  figure 7 show tha t  the e f fec ts  of 
vortex flow a re  beneficial  with regard t o  both the maximum l i f t  and 
pitching-moment character is t ics  a t  a sweep angle of 30°. Figure 8 shows 
the influence of aspect r a t i o  on the pitching-moment character is t ics  of 
a wing which exhibi ts  leading-edge vortex flow. 
figure 9 indicate tha t  vortex flow can be used t o  improve the longi- 
tudinal t r i m  and maximum l i f t  of the de l ta  type of wing. 

The data presented i n  

MIXED SEPARATION 

Although those wings which f a l l  f a r  t o  e i the r  side of the boundary 
defined i n  figure 3 a r e  def in i te ly  characterized e i the r  by trailing-edge 
separation or  by leading-edge separation, the s t a b i l i t y  character is t ics  
of wings, the geometric charac te r i s t ics  of which place them i n  the 
v i c in i ty  of the boundary conditions of f igure 5 ,  w i l l  be influenced by 
both types of separation. For example, vortex flow was observed on a 
4 7 O  sweptback wing of aspect r a t i o  5.1 and incorporating round leading- 
edge a i r f o i l  sections (ref. 72) a t  a of 0.37 f o r  the t e s t  Reynolds 

number of 1.1 x 10 6 ( f i g .  10).  The increase i n  s t a b i l i t y  a t  t h i s  value 
of l i f t  coefficient is ,  as previously discussed, obtained when the vortex 
flow is  present over the t i p  sections. When the Reynolds number was 

6 increased t o  6.0 x 10 , the formation of  the vortex flow was delayed t o  
higher l i f t  coefficients and separation of flow over the t i p  sections 
produced the unstable break i n  pitching moment noted a t  a of 0.85. 
The vortex flow did form over the inboard sections at higher l i f t  coef- 
f ic ien ts ,  as  indicated by the probe studies, and probably contributed 

I n  t o  the large posit ive moments measured i n  the v i c in i ty  of 

t h i s  par t icu lar  case, then, Reynolds number great ly  influences the type 
of separation obtained. 
ca l ly  how the l i f t  coefficients a t  which leading-edge vortex flow and 
t i p  separation become contributing factors t o  the variations of pitching- 
moment coefficient with l i f t  coefficient obtained a t  various Reynolds 
numbers. The force data  available i n  reference 72 and unpublished probe 
studies have been u t i l i zed  i n  the preparation of figure 11. 
studies were limited by physical conditions t o  a maximum Reynolds number 
of 3.5 x 10 6 and, hence, it i s  not possible t o  s t a t e  whether the vortex 

CL 

CL 

cLIIBX* 

Figure 11 has been prepared t o  show schemati- 

’ 

The probe 
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flow would have been t o t a l l y  eliminated i n  the Reynolds number k n g e  of 
the force t e s t s .  It is  important t o  rea l ize  tha t  any data obtained on 
th in  round-nose a i r f o i l s  ( f ig .  5 )  a t  low Reynolds number or, i n  fact ,  
a t  any Reynolds number below the f l i gh t  value can be very misleading or 
a t  l e a s t  should be interpreted i n  terms of the Reynolds number effect 
j u s t  described, as  t o  the s t a b i l i t y  changes through the l i f t  range. 

ROUGHNESS 

Although present-day standards fo r  fabr icat ing the leading edges 
of high-speed a i r c r a f t  approach those fo r  wind-tunnel models i n  a smooth 
condition, it i s  necessary t o  consider the adverse e f fec ts  of roughness 
on the types of flow separation j u s t  discussed. The degree of roughness 
currently employed i n  wind-tunnel roughness t e s t s  i s  en t i re ly  too severe 
t o  be representative of t ha t  found on production a i r c ra f t ,  but it may be 
tha t  the aerodynamic changes a r e  indicative of those t o  be obtained with 
a l e s se r  degree of roughness. In  any case, experimental studies a re  
required t o  determine the e f fec ts  of various degrees of roughness on 
swept wings. 

From the limited data available on tests of swept wings with rough- 
ness, it appears t ha t  on wings exhibit ing trailing-edge separation rough- 
ness eliminates the beneficial  e f fec ts  t o  be obtained by an increase i n  
Reynolds number. In  the case of a Am = 42' wing having an aspect 
r a t i o  of 4 and incorporating NACA 641-112 a i r f o i l  sections (ref. 94) the 
s ta l l  progression fo r  the smooth wing a t  the lowest Reynolds number 

t o  the highest (9.3 x lo6) were very s i m i l a r .  
borne out by the force data. 

fl (1.7 x lo6) and the progression f o r  the rough wing a t  Reynolds numbers up 
This s imi la r i ty  was a l so  

I 

When roughness w a s  applied t o  a wing having Ac/4 = 50°, an aspect 
r a t i o  of 2.9, incorporating NACA 641-112 a i r f o i l  section, and exhibiting 
a leading-edge vortex flow when i n  a smooth condition, the inf lect ion 
l i f t  coefficient remained approximately constant through the Reynolds 
number range tes ted ( r e f .  73). Although probe studies were not made 
when roughness w a s  t es ted  on the leading edge, the s imi la r i ty  of the 
pitching-moment character is t ics  with those obtained on the smooth wing 
indicates t ha t  the leading-edge vortex was present and was due en t i re ly  
t o  the e f f ec t s  of the roughness. It i s  in te res t ing  tha t  from these data 
it can be conjectured tha t  a region of laminar boundary layer  ex is t s  on 
the rough wing which separates and reattaches i n  order t o  form the core 
of the leading-edge vortex. 
roughness e f fec ts  on the inf lect ion l i f t  coefficient the resu l t s  pre- 
sented i n  reference 73 are  repreduced i n  figure 6. 

In  order t o  i l l u s t r a t e  the magnitude of the 
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GEOMETRIC CONSIDERATIONS 

Separation on swept wings i n i t i a l l y  occurs over the t i p  sections 

Tip s t a l l i n g  
and i s  a r e su l t  of leading-edge separation, trailing-edge separation, or 
a combination of leading- and trailing-edge separation. 
could obviously r e su l t  i n  a loss  i n  l i f t  behind the moment center of 
such a magnitude a s  t o  cause a nose-up o r  unstable pitching-moment vari- 
ation. The compilation work of Shortal  and Maggin ( re f .  10) showed tha t  
whether or not i n s t a b i l i t y  would be obtained on a wing of given sweep 
depended primarily on aspect r a t i o  (see INTRODUCTION). Although t h i s  
empirical study did not d i f f e ren t i t a t e  between the types of flow sepa- 
ra t ion encountered on swept wings, the s t a b i l i t y  boundary constructed 
does provide a general c lass i f ica t ion  of the s t a b i l i t y  of any par t icu lar  
wing; however, inadequacies were .to be found. 

I n  order t o  provide, a t  l ea s t  a qual i ta t ive explanation fo r  t h i s  
s t a b i l i t y  boundary a re-evaluation of the data presented i n  reference 10, 
together with an evaluation of more current data, has been made ( f ig .  12).  
It was found tha t  the s t a b i l i t y  boundary as presented i n  reference 10 was 
quite adequate for  wings having taper  ra t ios  of 1.0, or nearly 1.0 but was 
inadequate f o r  wings having very small taper ra t ios  (see, f o r  example, 
the pointed wing data presented i n  f ig .  12) .  In  an e f f o r t  t o  correlate  
t h i s  additional e f fec t  of taper, it was found tha t  the geometric r a t i o  
of the area rearward of the 0 . 2 3 ~ ~  t o  the t o t a l  wing area could be used 
as  a single s t a b i l i t y  c r i te r ion  i n  place of the three parameters sweep, 
aspect ra t io ,  and taper  ra t io .  
i s  i n  the s table  region and i f  it i s  l e s s  than 0.69 the wing is  i n  the 
unstable region. 
on t h i s  cr i ter ion,  one f o r  a taper  r a t i o  of 1.0 and one f o r  a taper  r a t i o  
of 0. The f i r s t  curve agrees very well with tha t  f rom reference 10 except 
i n  the low-sweep range where the experimental data upon which the s tab i l -  
i t y  boundary i s  based a re  meager ( f ig .  12);  whereas the second curve, 
which l i e s  above tha t  of reference 10, provides considerably impraved 
agreement with the experimental data f o r  wings with taper  r a t i o  of 0. 

If t h i s  area r a t i o  exceeds 0.69 the wing 

In  figure 12 a re  shown two s t a b i l i t y  boundaries based 

The spanwise dis t r ibut ions of lift coefficient obtained f o r  families 
of wings having taper ra t ios  of 1.0 and 0 and which a r e  defined by t h i s  
area-rat io  value of 0.69 (corresponding t o  the two s t a b i l i t y  boundaries 
i n  f ig .  12) have been presented i n  figure 13. 
the family of wings of d i f fe ren t  sweep but having taper  ra t ios  of 1.0 a re  
somewhat more similar than f o r  the family of wings having taper r a t io s  
of zero. 

The spanwise loadings f o r  
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The outward s h i f t  i n  the s t a b i l i t y  boundary f o r  the  family of wings: 
having taper  r a t io s  of 0 indicates t ha t  an unbalance of the moment areas 
is  the more important fac tor  with regard t o  s t a b i l i t y  than the occurrence 
and severi ty  of the t i p  s t a l l .  Inasmuch as the t i p  sections of highly 
tapered wings operate a t  higher values of lii? coeff ic ients  r e l a t ive  t o  
the root sections than those on untapered wings, separation occurs 
earlier and thus, the t i p - s t a l l i ng  tendencies are more severe on the  
tapered wings. If the severi ty  of the t i p  s ta l l  were  of primary concern 
therefore the boundary might be expected t o  be displaced toward the  l e f t .  

STALL CONTROL 

The study of the flow character is t ics  on sweptback wings makes 
possible a r a t i cna l  approach t o  the problem of s ta l l  control. The delay 
or prevention of flow separation over the t r a i l i n g  edge or  leading edge 
of a wing may u t i l i z e  a device attached t o  or  b u i l t  i n t o  the wing or may 
be embodied i n  the aerodynamic design of the wing i tself .  
lowing discussion each approach w i l l  be considered separately. 
procedure necessarily resu l t s  i n  some duplication because i n  many appli-  
cations two o r  more possible solutions a r e  employed i n  an attempt t o  
obtain the  desired pitching-moment character is t ics .  

In the fol-  
Such a 

Some remarks pertinent t o  the attainment of adequate s ta l l  control 
on wings exhibit ing the  types of flow separation previously discussed are 
considered. For example, i n  the case of a wing having trailing-edge 
separation, it i s  necessary t o  prevent trailing-edge flow separation 
over the t i p  sections u n t i l  l i f t  has been l o s t  forward of the moment 
center. In  the case of leading-edge separation extending across the 
en t i r e  leading edge, a full-span device would be required f o r  i t s  e l i m i -  
nation. Obviously, such control would merely create  a wing then subject 
t o  trailing-edge separation a t  the t i p  sections and which, i n  turn, would 
require fur ther  control i n  order t o  provide sa t i s fac tory  s t ab i l i t y .  
w i l l  be shown later, however, t ha t  instead of completely eliminating the 
vortex flow, a simpler and more d i r ec t  approach would be t o  d i r ec t  o r  
diffuse the vortex off the t i p  sections i n  such a way as t o  obtain l i nea r  
pitching-moment character is t ics .  

It 

Devices 

Fences or  vanes.- Data on fences and vanes are presented i n  tab le  7, 
20, 21, 22, 26, 27, 30, 34, 35, and 39 from references 14, 19, 27, 34, 
36, 39, 47, 51, and 13. Additional information, obtained f o r  the most 
par t  a t  low Reynolds numbers, i s  contained i n  references 95, 96, 97, 79, 
and 98. 
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Preliminary considerations of s ta l l  control f o r  e i the r  type of flow 
separation discussed suggest placing a r e s t r i c t ion  on the outflow of the 
boundary-layer a i r  on sweptback wings. 
provide a physical boundary t o  the outflow of boundary-layer a i r .  Thus, 
i n  the case of trailing-edge separation the boundary-layer build-up over 
the t i p  sections would be eliminated and hence these sections would not 
s ta l l  prematurely. When leading-edge separation i s  present, the fence 
would be required t o  redirect  o r  t o  diffuse the leading-edge vortex a t  
a spanwise s t a t ion  such tha t  l i nea r  moment character is t ics  a re  obtained. 

A fence (vane) can be used t o  

For the  fence t o  be effect ive i n  controll ing trailing-edge sepa- 
ration, the spanwise accumulation of boundary-layer a i r  i s  shed off the 
wing a t  the location of the fence a t  a ra te  suf f ic ien t  t o  prevent the 
accumulated boundary layer  from sp i l l i ng  over the fence i n  the spanwise 
direction. I n  some ins ta l la t ions  employing fences of reasonable height, 
it might be necessary t o  employ several  fences i n  order t o  prevent the 
boundary-layer build-up over the t i p  section. Another condition tha t  
would necessi ta te  the use of a multiple-fence arrangement would be tha t  
i n  which the aspect r a t i o  is  s o  great t ha t  the distance outboard of a 
s ingle  fence ( s i z e  not a l imit ing factor)  i s  suf f ic ien t  t o  allow another 
accumulation of  boundary-layer a i r  t o  occur a t  the t i p  sections. From 
the l i t e r a t u r e  it i s  apparent t ha t  the fence should be located over the 
rear  par t  of the chord i n  order t o  be effect ive i n  controll ing t ra i l ing-  
edge separation. Jus t  how f a r  forward the fence should extend cannot be 
stated,  but it appears from available experimental data tha t  i n  order t o  
delay the i n s t a b i l i t y  t o  maximum l i f t  the fence should extend t o  about 
the 5-percent-chord point. Although res t r ic t ions  t o  the outflow of the 
boundary-layer a i r  can materially improve the pitching-moment charac- 
t e r i s t i c s  through the l i f t  range, the induced downwash ef fec ts  a r e  s t i l l  
such tha t  separation occurs f i r s t  over the t i p  portions of the wing which 
exhibi ts  trailing-edge separation and, i f  the wing plan form i s  such as  
t o  place it above the boundary of figure 12, an unstable pitching-moment 
break a t  maximum l i f t  i s  obtained. 

For the fence t o  be effect ive i n  controll ing the e f fec ts  of leading- 
edge separation, it i s  apparent tha t  the fence must be located over the 
forward par t  of the chord. Actually experience has shown tha t  the fence ' 
should extend around the leading edge t o  the lower surface. It appears 
t ha t  the s i ze  should be large enough t o  contain the leading-edge vortex, 
but a s  there a re  no data available on the s i ze  of such vortices it i s  
not possible t o  s t a t e  the s ize  requirements f o r  such a fence. One 
investigation has been made a t  low Reynolds numbers t o  determine the 
minimum s i ze  of fence required t o  give the maximum increase i n  s t a b i l i t y  
f o r  a wing which without fences was s table  through the s t a l l  ( re f .  95). 
These data  m i g h t  be applicable as a guide t o  the s i ze  required on an 
unstable wing a t  high Reynolds numbers. 
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Inasmuch as the fence has no appreciable e f f ec t  on the spanwise 
var ia t ion of induced downwash and must, i n  most applications, be of 
small height, it serves only as a delaying device f o r  the in s t ab i l i t y .  
Exceptions have been found where besides delaying the onset of insta- 
b i l i t y ,  fences have actual ly  caused s table  pitching-moment breaks a t  
maximum lift. In  one case the application of a leading-edge stall- 
control device t o  a swept wing reduced a condition of severe i n s t a b i l i t y  
t o  one of marginal i n s t a b i l i t y  which was eliminated by the fur ther  addi- 
t ion  of a fence (ref. 51) In  another case, a wing-fuselage-tail combi- 
nation exhibited i n s t a b i l i t y  through the high l i f t  region. A recent 
analysis of these data offers  the explanation that the i n s t a b i l i t y  was 
not chargeable t o  the pitching-moment character is t ics  of the wing but 
ra ther  t o  the destabi l iz ing e f fec t  of the horizontal  t a i l  i n  the down- 
wash f i e l d  of the wing (e f fec t  of t a i l  on the over-all s t a b i l i t y  will 
be discussed i n  a l a t e r  section).  It was found, however, t ha t  properly 
located fences on the wing could so a l t e r  the flow character is t ics  a t  
the t a i l  t ha t  the i n s t a b i l i t y  due t o  the t a i l  was s igni f icant ly  reduced 
( re f .  9 5 ) .  

There has been a question raised from t i m e  t o  t i m e  as t o  whether or 
not the improvements i n  s t a b i l i t y  obtained i n  wind-tunnel t e s t s  of wings 
with fences a re  t o  be realized a t  f l i gh t  Reynolds numbers. It would 
appear t ha t  any empirical relationship between the influence of fences 
and the e f fec ts  of var ia t ion i n  Reynolds number would involve the wing- 
thickness-ratio as  a parameter. Thus, on th in  wings whose leading-edge 
r ad i i  a re  such a s  t o  place them w e l l  below the boundary shown i n  fig- 
ure 5,  large increases i n  Reynolds number would not eliminate the need 
f o r  fences a s  determined from wind-tunnel t e s t s .  I f  the wing thickness 
(leading-edge radius) approaches or l i e s  above the boundary of figure 5, 
increases i n  Reynolds number might necessitate a relocation t o  maintain 
t h e i r  effectiveness and i n  some instances t h e i r  need might be eliminated. 

The data presented i n  reference 39 show t h a t  fences can be used t o  
-7 

control the boundary-layer outflow t o  such an extent t ha t  l i nea r  pitching- 
moment character is t ics  a re  obtained on a re la t ive ly  high-aspect-ratio 
sweptback wing. As suggested i n  the previous paragraph, the required 
number and posit ion of fences may be somewhat d i f fe ren t  a t  f l i g h t  
Reynolds numbers. The e f fec ts  of several fence arrangements on the 
pitching-moment and sec t ion- l i f t  character is t ics  of t h i s  wing a re  shown 
i n  figure 14  (refs. 39 and 6 9 ) .  These r e su l t s  may appear optimistic i n  
l i gh t  of a s imilar  investigation on a wing of the same sweep but having 
a lower aspect r a t i o  (5.1) (ref. 47) where both single- and multiple- 
fence arrangements d id  not provide very s ignif icant  improvements i n  the 
pitching-moment character is t ics .  In  the l a t t e r  t e s t s ,  however, leading- 
edge separation was present a s  evidenced by the f a c t  t h a t  the leading- 
edge fence (extended t o  the lower surface) caused an improvement i n  the 
pitching-moment character is t ics  t ha t  was not materially changed by an 

% 
extension of the fences t o  the t r a i l i n g  edge. The data of reference 47 
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may point out t h a t  greater  d i f f i c u l t y  i s  t o  be expected i n  selecting the 
size,  number, and posit ion of fences t o  control t h i s  type of separation. 

For i l l u s t r a t i v e  purpose, the e f fec ts  of fences on the pitching- 
moment charac te r i s t ics  of several  sweptback wings of various configu- 
rations have been shown i n  figure 15. 

The information now available i s  not suf f ic ien t  t o  allow f o r  ade- 
quate prediction of the optimum number, size, and location of fences fo r  
any given wing. In  general, it appears t h a t  i n  each case an exploratory 
investigation i s  required t o  determine the optimum arrangement. The 
s k i l l  and understanding of the investigator w i l l  undoubtedly be reflected 
i n  the  adequacy of the arrangement thus obtained. 

Nacelles and stores.-  When the airplane design i s  such tha t  e i the r  
the power plant, fuel,  or cargo must be located external of the wing and 
fuselage, the basic requirement i s  tha t  the location selected w i l l  pro- 
vide the minimum interference drag a t  high speeds. 
however, t o  consider the poss ib i l i ty  of positioning these external bodies 
s o  tha t  they contribute an improvement t o  the low-speed longitudinal 
s t a b i l i t y  of sweptback wings. 

It is  interesting, 

The l i t e r a t u r e  on externally mounted bodies ( f o r  example, ref .  99) 
i s  largely concerned with specif ic  configurations from the drag 
standpoint. 

In  the development work on the Boeing B-47 airplane, some low-speed 
t e s t s  were made with the outboard and inboard nacelles i n  various posi- 
t ions,  and a summary of the resu l t s  appears i n  reference 76. The 
improved pitching-moment character is t ics  obtained i n  t h i s  investigation 
a re  shown i n  figure 16. 

The low-speed considerations appear t o  indicate tha t  the s tab i l iz ing  
advantage t o  be derived from sui table  placement of external bodies could 
and should receive the a t ten t ion  of the aesigner. 

Extensible leading-edge flaps.- Data on extensible leading-edge 
f laps  are presented i n  tables 6, 7, 9, 20 t o  23, 26, 27, 31, 35, 39, 40, 
45 t o  47, from references 13, 19, 27, 34, 36, 39, 47, 51, 18, 21, 29, 31, 
32, 33, 35, 37, 38, 43, 44, 45, 48, 49, 531 54, 599 63, and 64- 
t i ona l  information i s  contained i n  references 100 t o  102. 

Addi- 

One device which has been used successfully t o  delay flow separation 
a t  the t i p  sections u n t i l  l i f t  has been l o s t  fur ther  inboard i s  the 
extensible leading-edge flap. This f lap  i s  patterned a f t e r  the type 
suggested by Krueger ( r e f .  100) t o  improve the maximum-lift character- 
i s t i c s  of high-speed prof i les .  The d i f f i c u l t i e s  of fabricating and 
in s t a l l i ng  an extensible leading-edge f lap  on an airplane have never 
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been surmounted so tha t  s l a t s  a r e  generally employed and the extensible 
leading-edge f lap  remains a wind-tunnel tool .  Inasmuch a s  the s l a t  and 
f l ap  may be considered t o  provide essent ia l ly  s imilar  r e l i e f  t o  t i p  
s t a l l i n g  (see f ig .  17) the a b i l i t y  t o  circumvent detai led slat-posit ioning 
studies by using flaps,  however, has allowed a greater  scope t o  be covered 
i n  wind-tunnel work on sweptback wings than would have been possible 
employing s l a t s .  The extensible leading-edge f lap  i s  generally a par t ia l -  
span device with the outboard end located i n  the v i c in i ty  of the wing t ip .  
The extension i n  chord reduces the spanwise flow tendency by p a r t i a l l y  
unstaggering the pressure dis t r ibut ions a t  the inboard end of the leading- 
edge flap.  A vortex a l so  i s  shed from the inboard end of the f lap  tha t  
i s  of such a rotat ion as t o  oppose the outflow of the boundary-layer a i r .  
The pressure discontinuity a t  the inboard end of the f lap  assists i n  pro- 
moting the i n i t i a l  separation inboard of the t i p .  The camber introduced 
by the leading-edge f l ap  allows the t i p  sections t o  reach higher angles 
of a t tack before separation occurs. 

I n  general, i n  order t o  obtain the greatest  improvement i n  the 
maximum lift character is t ics  while providing longitudinal s t a b i l i t y  a t  
the s t a l l ,  the inboard end of the leading-edge f lap  should be between 
0.4b/2 and 0.6b/2 s o  tha t  the  i n i t i a l  separation occurs jus t  forward of 
the moment center. I f  the wing i s  i n i t i a l l y  s table  then greater gains 
i n  maximum l i f t  may be obtained with greater  spans of leading-edge 
flaps.  

Two factors which can cause appreciable changes i n  the optimum span 
j u s t  described are  leading-edge vortex flow and the proximity of the wing 
geometric character is t ics  t o  the s t a b i l i t y  boundary of figure 12. In the 
case of leading-edge vortex flow, the optimum span i s  generally smaller 
than would otherwise be indicated for  a wing exhibit ing trailing-edge 
separation and having similar geometric character is t ics  (see, f o r  example, 
ref .  13) and t h i s  reduction w i l l  be considered i n  greater  d e t a i l  i n  a 
subsequent section en t i t l ed  "Chord Extensions." 
r a t i o  and sweep angle tha t  approach the boundary of figure 12, longer 
spans of leading-edge f laps  may be used (see, fo r  example, ref .  31). 

For wings with aspect 
I 

The influence of a fuselage on the longitudinal s t a b i l i t y  charac- 
t e r i s t i c s  of a swept wing equipped with extensible leading-edge flaps 
has, f o r  the most par t ,  been negligible; however, a ser ies  of t e s t s  on 
a 42O sweptback wing of aspect r a t i o  4 ( r e f .  31) did show a reduction i n  
the optimum span of extensible leading-edge f lap  when a fuselage was 
present e 

It has been found tha t  trailing-edge f laps  may af fec t  the optimum 
span of the leading-edge flap,  but of more significance is  the fac t  t ha t  
they can a l t e r  the successful application of extensible leading-edge 
flaps.  For example, the r e s u l t s  obtained i n  an investigation of a 
47' sweptback wing of aspect r a t i o  5.1 have been summarized i n  figure 18 * 
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t o  show the influence of both type and span of trail ing-edge f l aps  on 
the longitudinal s t a b i l i t y  obtained with extensible leading-edge f laps .  
Trailing-edge f laps  having spans i n  excess of 0.57b/2 f o r  the  s p l i t  
type and 0.45b/2 f o r  the double-slotted type n u l l i f i e d  the  s t ab i l i z ing  
effectiveness of the  extensible leading-edge f lap.  It i s  in te res t ing  
t h a t  a grea te r  improvement i n  s t a b i l i t y  w a s  obtained when double-slotted 
f laps  of 0.40b/2 and leading-edge f laps  were used i n  combination than 
when j u s t  the  leading-edge f laps  were used. Again, the  conditions j u s t  
described perhaps depend on the  r e l a t ive  posit ion of  the geometric char- 
a c t e r i s t i c s  of the  wing t o  the  s t a b i l i t y  boundary of f igure 12. For 
example, on a 42O sweptback wing of aspect r a t i o  4.0 ( ref ,  3 5 ) 9  f u l l -  
span s p l i t  f laps  did not produce any detrimental e f f ec t  on the longi- 
tudinal  s t a b i l i t y  charac te r i s t ics  obtained with extensible leading-edge 
f laps .  

One modification t o  extensible leading-edge f laps  t h a t  i s  suggested 
from t i m e  t o  t i m e  i s  t o  taper  the f l ap  s o  t h a t  the  maximum chord i s  a t  
the  t i p .  The r e su l t s  t h a t  have been obtained (ref. 31) show the  tapered 
leading-edge f l ap  t o  be ineffect ive.  It i s  believed t h a t  the main reason 
f o r  the  ineffectiveness of the tapered leading-edge f l a p  i s  tha t  it does 
not provide the discont inui ty  i n  plan form with the  associated pressure 
discont inui ty  and f lap- t ip  vortex necessary t o  promote i n i t i a l  separation 
inboard and ahead of the  moment center. 

The avai lable  experimental data appear t o  indicate  t h a t  the exten- 
s i b l e  leading-edge f l ap  can provide an appreciable but de f in i t e ly  l imited 
s h i f t  i n  the  s t a b i l i t y  boundary of f igure 12, Figure 19 has been pre- 
pared from experimental data t o  show the manner i n  which s t a l l  controls 
displace the  s t a b i l i t y  boundary of  f igure 12. Also  included i n  f igure 19 
i s  an indication of the  addi t ional  displacement of the s t a b i l i t y  boundary 
when fences are used i n  conjunction with extensible leading-edge f laps ,  
Actually no d i f fe ren t ia t ion  i s  made i n  t h i s  f igure f o r  the  types of" flow 
separation on swept wings inasmuch as it appears t ha t  only the span of' 
the device w i l l  be affected by the type of flow separation. 

Limitations must be attached t o  the boundaries shoim i n  figure 19 
which arise from the  f ac t  t h a t  sweep and aspect r a t i o  a r e  not the only 
variables.  
which have taper  r a t io s  greater  than 0.4, and a comparison of the bound- 
ary  established with these data with tha t  indicated i n  f igure 12 f o r  
wings which have taper  r a t io s  of 0 indicates  t h a t  extreme taper  has 
accomplished the same s h i f t  i n  s t a b i l i t y  boundary. Thus, generc izat ion 
of the effectiveness of extensible leading-edge f laps  i n  displacrng the 
boundary shown i n  f igure 19 with the  data presently avai lable  i s  s t i l l  
very much conjecture but probably on the  conservative s i d - e ,  

The data  indicated by the  symbols ( f ig .  19) a r e  f o r  wings 

There are only l imited low-speed data avai lable  on the a i r  loads on 
extensible leading-edge f laps  ( re fs .  34 and 103). 
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Extensible leading-edge s la t s . -  Data on extensible leading-edge 
s l a t s  are presented i n  tables  7, 20, and 23 from references 19, 27, 29, 
and 38. Additional information is  contained i n  references 95 and 104 
t o  107. 

As previously stated,  the slat provides essent ia l ly  the same r e l i e f  
o r  a l lev ia t ion  of flow separation over the outer par t  of the wing a s  
does the leading-edge f lap  (see, f o r  example, f ig .  17). It is  ra t iona l  
t o  believe tha t  the e f f ec t s  of span and spanwise posit ion are very 
s i m i l a r  t o  corresponding ef fec ts  noted f o r  leading-edge flaps.  The 
s h i f t  i n  s t a b i l i t y  boundary due t o  leading-edge f laps  presented i n  fig- 
ure 19 i s  then presumed t o  apply equally w e l l  t o  slats. 

The available positioning studies of s l a t s  on sweptback wings a r e  
limited (German work reported i n  re f .  108 and the work reported i n  
refs .  109 and 110). 
able tha t  s l a t s  were designed and positioned on the basis of two- 
dimensional data with a few "rules of thumb" considered. If the resu l t s  
obtained i n  an investigation correlating two-dimensional with three- 
dimensional single-slotted f lap  positions ( r e f .  111) can be considered 
indicative of the correlation t o  be obtained by the use of slats, it 
appears t ha t  current design practices need not be ass i s ted  by detai led 
positioning studies. This i s  somewhat substantiated by the fac t  t ha t  
the slat  designed from two-dimensional data f o r  a wing of 4 1 4  = 35O 
and aspect r a t i o  of 6.0 was considered t o  have f u l f i l l e d  i t s  design 
purpose (ref .  27). 

It appears from the specif ic  investigations avail-  

Droop nose.- Data on droop-nose f laps  are presented i n  tables  7, 9, 
< *  

10, 13, 14, 20, 22, 30, 35, 40, 42, and 45 from r e f e r e x e s  14, 19, 27, 
36, 47, 21, 53, 59, 15, 22, 23, 46, and 56. 

The droop nose d i f f e r s  i n  one very important aspect from e i the r  the 
extensible leading-edge f lap  o r  s l a t .  There i s  no extension i n  chord; 
hence the vortex shed from the inboard end of the droop nose is weaker 
and less effect ive ( for  example, the  vortex may have a rotation such as 
t o  promote outflow) i n  providing a barrier t o  the outflow of boundary- 
layer  a i r  over the rearward portions of the wing. For t h i s  reason, it 
would not be expected tha t  the droop nose would be as  effect ive a stabi- 
l i z ing  device on sweptback wings as e i the r  the f lap  o r  s l a t .  
mental r e s u l t s  presented i n  figure 17 show tha t  such i s  the case. It 
should be pointed out, however, t ha t  these resu l t s  merely imply tha t  the 
s h i f t  i n  the s t a b i l i t y  boundary would be less for the droop nose than 
e i the r  the f lap  or slat, and, therefore, f o r  wings only marginally 
unstable, the droop nose may be as effect ive a s  the leading-edge flap. 
Indications a r e  tha t  i n  some cases the use of fences with droop nose 
may provide adequate control. 

The experi- 

2%" 
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Boundary-layer control.- Data on boundary-layer control are pre- 
sented i n  tables  4, 32, and 33 from references 44, 45, and 16. Addi- 
t i ona l  information is  contained i n  references 92 and 112 t o  115. 

It has been known f o r  a considerable time t h a t  flow separation can 
be delayed by e i the r  adding energy t o  the low-energy boundary-layer a i r  
or removing the boundary layer. 
shown that the power expenditure is less when the boundary layer  i s  
removed (suction) than when energy i s  added (blowing). 
boundary-layer removal, the a i r  i s  drawn off through e i t h e r  a s l o t  or 
permeable surface. 

Numerous two-dimensional tests have 

In  the case of 

Most experimental data have been obtained on wings which exhibit  
These experimental data have shown the most leading-edge separation. 

favorable s l o t  location from flow-separation considerations t o  be very 
close t o  the leading edge, i n  fact ,  j u s t  rearward of the pressure peak 
on the wing. Experimentally, t h i s  location i s  d i f f i c u l t  t o  obtain; 
therefore the s l o t  is  usually located s o  as  t o  include the minimum pres- 
sure. With the s l o t  located i n  the immediate v i c in i ty  of the minimum 
pressure on the wing a very low pressure i s  required i n  the plenum 
chamber i n  order t o  induce an inflow in to  the s lo t .  Actually, a ra ther  
large chordwise pressure gradient ex is t s  across the s l o t  such tha t  when 
the minimum pressure i s  held an excess i n  d i f f e ren t i a l  pressure occurs 
over the rear  par t  of the s lo t .  The power requirements and ra tes  of 
flow therefore a re  re la t ive ly  high. The resu l t s  presented i n  refer- 
ence 44 ( f ig .  20) indicate that ,  as  i n  the case of s l a t s  or flaps, 
desirable longitudinal s t a b i l i t y  character is t ics  a re  dependent on the 
span over which control i s  exercised; tha t  is, the i n i t i a l  separation 
should occur a t  the  inboard end of the s l o t  j u s t  forward of the moment 
center. Some attempt has been made t o  control leading-edge separation 
by means of several short  chordwise suction s l o t s  located along the 
leading edge, outboard of the 0.56-semispan s t a t ion  ( re f .  112). The 
wing had 630 swee-pback of the leading edge, an aspect r a t i o  of 3.5, a 
taper  r a t i o  of 0.23, an NACA 64A006 a i r f o i l  section i n  a streamwise 
direction, no t w i s t ,  no camber, no dihedral, and zero wing-fuselage 
incidence. 
the fac t  tha t  the l i f t  coefficient a t  which the pitching moment broke 
i n  the unstable direct ion increased from 0.41 t o  0.68. Reference 112 
mentions tha t  control inboard could probably have caused a fur ther  delay, 
Although t h i s  may be true,  it should be pointed out t ha t  experimental 
data  with extensible leading-edge f laps  would indicate tha t  the increased 
l i nea r  moment range would be accompanied by an increase i n  the severi ty  
of the unstable pitching-moment break. 

The separation was delayed t o  some extent, a s  indicated by 

Because the wings on which boundary-layer control has been t r i e d  
have exhibited leading-edge separation, the effectiveness of suction 
s l o t s  located more rearward on the chord i n  order t o  control t ra i l ing-  
edge separation may not be defined clear ly  by the data presented i n  
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reference 45. It i s  s t i l l  t o  be shown whether spanwise or  chordwise 
s l o t s  would be more effect ive i n  delaying the build-up of low-energy 
a i r  over the rear  portions of the t i p  sections. The low-scale data 
presented i n  reference 113 f o r  a Ac/4 = 36.4' swept wing of aspect 
r a t i o  5.85 and incorporating approximately 16.5-percent-ihick a i r f o i l  
sections indicated tha t  a chordwise gap i s  very effect ive i n  the control 
o f  flow separation over the t i p  sections. The improvement i n  longi- 
tudinal s t a b i l i t y  obtained with the chordwise gap was remarkable inas- 
much as the spanwise location seems t o  have been a r b i t r a r i l y  chosen. 

A s  i n  the case of suction s lo ts ,  the leading-edge separation has 
dictated tha t  area suction (porous material) be applied very close t o  
the leading edge. The work described i n  reference 92 was done with the 
idea of delaying separation over the en t i r e  wing and hence the configura- 
t i on  does not represent an optimum one from s t a b i l i t y  considerations i f  
i t  i s  assumed tha t  the span of porous suction i s  a s  c r i t i c a l  a s t a b i l i t y  
factor  as i n  the case of leading-edge s l a t s  or flaps.  The sweep angle 
(Ac/& = 61O) and aspect r a t i o  (3.5) of the test  wing of reference 92 a re  
such t h a t  desirable longitudinal s t a b i l i t y  would not be expected from 
the use  of the s ta l l -control  devices considered so f a r  ( f ig .  l g ) ,  
although a combination of s ta l l -control  devices such as extensible 
leading-edge f laps  and fences may provide the desired resu l t s .  Some 
recent data obtained on the wing described i n  reference 115 indicated 
tha t  of the chordwise extent of porous suction considered (1, 2, and 
3 percent of the chord) the resu l t s  obtained with a chordwise extent of 
1 percent were most favorable from longi tudinal-s tabi l i ty  considerations. 
These resul ts ,  it should be emphasized, were obtained i n  an attempt t o  
control leading-edge separation and hence a re  not too applicable t o  the 
control of trailing-edge separation. 

It i s  not possible a t  present t o  compare experimentally the suction 
s l o t  with the porous area suction of equal coverage because the drag and 
power evaluations o f  both are not available; however, theory indicates 
t ha t  porous area suction should require less power than s l o t  suction. 
From low-speed considerations it appears t ha t  f o r  acceptable pitching- 
moment character is t ics  the advantages of one over the other w i l l  be 
decided more from power and s t ruc tura l  considerations than from aero- 
dynamic considerations. 

From the material available a t  t h i s  t i m e ,  it appears the boundary- 
layer  control may be as effect ive aerodynamically i n  providing desirable 
pitching-moment character is t ics  as  the extensible leading-edge slat and 
f lap and subject t o  somewhat the same limitations.  

Chord extensions.- Data on chord extensions from reference 32 a r e  
presented i n  tables  39 and 40. 
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A s  previously discussed under the section en t i t l ed  "Fences" the 
problem of obtaining sa t i s fac tory  longitudinal s t a b i l i t y  when the 
leading-edge vortex flow i s  present may not necessarily require a change 
i n  the e f fec t iye  camber of the t i p  sections of the wing but may rather  
be a matter of diffusing the vortex flow. I n  t h i s  regard, the resu l t s  
obtained by a mere extension of the loca l  chord over the outer portion 
of two highly sweptback wings a re  very promising (ref. 52). 
ure 21 a re  presented the pitching-moment var ia t ions with lift f o r  two 
Ac/4 = 50' w i n g s  equipped with extensible leading-edge f laps  and chord 
extensions. In  the case of the wing which incorporates circular-arc 
a i r f o i l  sections, both the extensible leading-edge f lap  and the chord 
extension improved the longitudinal s t a b i l i t y  character is t ics  of the 
wing alone t o  about the same degree. 
ra t ing  NACA 64-series a i r f o i l  sections, the extensible leading-edge f l ap  
w a s  somewhat be t t e r  than e i the r  a sharp-nose or round-nose chord exten- 
sion. 
leading-edge chord extensions indicate  tha t  nose shape of the chord 
extension i s  a s ignif icant  geometric factor  i n  the design of t h i s  device. 

In fig- 

In  the case of the wing incorpo- 

The differences i n  pitching moment between the round and sharp 

The following discussion of the e f fec ts  of chord extensions on the 
flow over swept wings and on the longitudinal s t a b i l i t y  of such wings i s  
based on force-test  resu l t s  and on visual  probe and surface t u f t  obser- 
vations of the flow over the wings described i n  reference 52, and on 
s imilar  unpublished resu l t s  from another wing of d i f fe ren t  sweep angle 
and a i r f o i l  section tha t  has been investigated i n  the Langley 300 M P H  
7- by 10-foot tunnel. More precise development of these concepts w i l l  
probably require pressure-distribution studies. 

Chord extensions would be expected t o  have a beneficial  e f fec t  on 
the pitching-moment character is t ics  of any sweptback wing because of the 
f ac t  that ,  l i k e  an extensible leading-edge flap,  the plan-form discon- 
t i n u i t y  a t  the inboard end of the chord extension gives r i s e  t o  a vortex 
i n  the stream di rec t ion  which tends t o  prevent the low-energy a i r  from 
the inboard sections from influencing the boundary layer  a t  the outboard 
sections. The angle-of-attack range through which t h i s  improvement i n  
flow over the outboard sections i s  realized and the manner i n  which the 
pitching-moment character is t ics  are  improved seems t o  depend on the air- 
f o i l  section employed i n  the wing and t o  some extent on the wing plan . 
form. In  the following discussion the flow phenomenon i s  discussed rela- 
t i v e  t o  a i r f o i l  section although the influence of wing plan form i s  such 
tha t  it may increase or decrease the re la t ive  importance of a i r f o i l  sec- 
t i on  f o r  any given swept wing. 

I n  the case of a swept wing with a sharp leading edge, leading-edge 
separation occurs a t  very l o w  l i f t  coefficients.  
edge separation vortex a r i s ing  from leading-edge separation i s  quite 
strong a t  l i f t  coefficients very much lower than those a t  which t ra i l ing-  
edge separation would be expected on a wing of the same plan form but 
incorporating a i r f o i l  sections of large leading-edge radius. The action 

In  f ac t  the leading- 
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of the chord-extension vortex i s  such as  t o  a l ter  the direct ion of the 
leading-edge vortex emnating from the inboard sections of the wing and 
i t s  direct ion of rotat ion is  such as t o  oppose the rotat ion of the 
inboard vortex. 
causes them t o  lose t h e i r  identity,  probe studies indicate that ,  i n  con- 
t r a s t  t o  the case of the wing without chord extension where the spanwise 
drain of the low-energy boundary-layer a i r  t r a i l s  off a t  the wing t ips ,  
the chord-extension vortex causes the low-energy a i r  from the inboard 
sections t o  t r a i l  off the wing a t  a spanwise s t a t ion  s l igh t ly  outboard 
of the inboard end of the chord extension. The r e s t r i c t ion  of the 
inboard leading-edge vortex from the t i p  sections prevents them from 
experiencing the increase i n  l i f t  and the attendant increase i n  i t a b i l i t y  
between points A and B of the following sketch A. 

Although the diffusion of the two opposing vortexes 

Chord-extension 

A B  C D 

Sketch A 

Surface t u f t s  have indicated an improvement i n  flow Over the t i p  sections 
spanned by the chord extension through the l i f t -coef f ic ien t  range from A 
t o  B. It should be pointed out t ha t  this  improvement i n  flow resu l t s  i n  
a decrease i n  l i f t  rather than the increase tha t  is  customarily obtained 
when flow conditions a re  improved. A t  l i f t  coefficients only s l i gh t ly  
greater than point B, surface t u f t s  do not indicate any substant ia l  dif- 
ferences i n  flow between the chord-extension on-and-off conditions. This 
r e su l t  may a r i se  e i the r  from the fac t  t ha t  the inboard leading-edge 
vortex i s  strong enough t o  break through the chord-extension vortex or 
t ha t  the secondary vortex observed t o  be present on the chord extension 
contributes t o  the general breakdown of flow a t  the outboard sections or 
from the combination of both effects .  The secondary vortex on the chord 

at tack as  t ha t  a t  which the leading-edge vortex occurred on the basic 
wing. 
s imilar  t o  tha t  occurring over a corresponding length of span a t  the 

1 extension has been observed t o  occur a t  approximately the same angle of 

The strength and growth of the secondary vortex i s  probably 
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inboard end of t he  wing. 
moment charac te r i s t ics  i n  the  l i f t  range between D and C. 
This w a s  indicated by the  data of f igure 21 where the 0.23b/2 chord 
extensions provided s l i g h t l y  more negative pitching moments near maximum 
l i f t  than when the outboard O.lgb/2 of the chord extension w a s  removed. 
( In  some i n s t a l l a t i o n s  chord extensions having spans greater  than 0.25b/2 
may be required and i n  such cases the secondary vortex may have an even 
stronger influence on the  pitching-moment charac te r i s t ics . )  Inasmuch as 
there i s  an improvement i n  flow Over the outboard sections through only 
a small l i f t  range and the most posit ive pitching moment measured on the 
p la in  wing i s  almost a t t a ined  with the chord extension on, i t  can only 
be concluded t h a t  t he  l i n e a r i t y  i n  the var ia t ion of pitching-moment coef- 
f i c i e n t  with l i f t  coef f ic ien t  arises from balancing areas exseriencing 
increases and decreases i n  l i f t .  The stable break i n  the pitching-moment 
curve a t  maximum l i f t  (see, f o r  example, f i g .  21) i o  explained by the 
f a c t  tha t ,  i n  the  s t a l l e d  condition both with and without chord exten- 
sions, the  wing has the pitching moment of a stalled f l a t  p l a t e  of corre- 
sponding plan form. 

It has a measurable influence on the pitching- 
(See sketch A . )  

When chord extensions are used on a swept wing the  a i r f o i l  sections 
and sweep angle of which are such as t o  place the wing near the boundary 
f o r  leading-edge separation (see, f o r  example, f ig .  5 )  the basic flow 
phenomenon appears t o  be somewhat d i f f e ren t  from t h a t  on the sharp 
leading-edge wing. The round leading edge of the wing delays leading- 
edge separation t o  l i f t  coefficients very much higher than on sharp 
leading-edge wings with the r e su l t  t h a t  the leading-edge vortex occurs 
a t  o r  only s l i g h t l y  p r i o r  t o  trailing-edge separation. 
such wings do not exhib i t  a very marked s tab le  d ip  i n  the pitching-moment 
curve p r i o r  t o  the  unstable break t h a t  r e su l t s  from t i p  s t a l l i ng .  
sketch B.) 

Consequently, 

(See 

Chord-extension 

Cm 

A C B  

Sketch B 
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It i s  not unlikely that ,  because the formation of the leading-edge sepa- 
ra t ion bubble would tend t o  move the adverse pressure gradient rearward, 
trailing-edge separation and consequent breakdown of flow over the en t i r e  
chord occurs a t  lower l i f t  coefficients than it would on a s imilar  wing 
having a la rger  leading-edge radius with no tendency f o r  leading-edge 
separation. Thus, the chord extension diffuses  and d i r ec t s  the inboard 
leading-edge vortex as i n  the case of the sharp leading-edge wing but 
of equal importance it a lso  prevents the low-energy a i r  t ha t  i s  flowing 
outboard along the t r a i l i n g  edge from influencing the flow over the t i p  
sections and thereby delays trailing-edge separation on those sections. .  
Thus, surface-tuft  studies have indicated a marked improvement i n  flow 
Over those sections spanned by the chord extension through the l i f t  
range denoted A t o  B i n  sketch B. 
character is t ics  on such wings r e su l t s  primarily from the delay i n  sepa- 
ra t ion over the t i p  par t  of the wings t o  higher angles of a t tack a s  
would be deduced from unpublished data which indicate only a s l i gh t  for- 
ward s h i f t  i n  aerodynamic center from tha t  obtained i n  the low-lift range. 
(See sketch B.) A t  maximum l i f t  the pitching-moment break f o r  these 
experimental data w a s  i n  the s table  direct ion inasmuch as the pitching 
moment i n  the s t a l l ed  condition was more negative than i n  the s t a l l -  
controlled condition. In  other cases, however, the pitching-moment break 
may be i n  an unstable direct ion inasmuch a s  the induced angle-of-attack 
d is t r ibu t ion  and a i r f o i l  section character is t ics  a re  not great ly  influ- 
enced by the addition of the chord extensions. A fur ther  improvement i n  
the pitching-moment character is t ics  may be expected by providing droop 
i n  the chord extension i n  order t o  combine the beneficial  e f fec ts  of the 
chord-extension vortex and leading-edge camber i n  the same manner as  
does an extensible leading-edge flap.  

The improvement i n  pitching-moment 

When a chord extension i s  applied t o  a wing which exhibits only 
trailing-edge separation, improvements i n  flow over the t i p  sections 
would s t i l l  be expected inasmuch as  the chord-extension vortex would 
tend t o  d iver t  the outflow over the rear  par t  of the wing tha t  i s  
emanating from the inboard sections. 

It should be realized tha t  the most e f fec t ive  span of chord exten- 
sions i s  as  c r i t i c a l  a s  the most effect ive span of extensible leading- 
edge f lap  was shown t o  be. 

Variable sweep.- The information thus f a r  presented emphasizes the 
problems encountered on an airplane using highly swept wings. 
method of avoiding these problems i s  t o  provide an airplane with wings 
the sweep angle of which can be changed i n  f l i g h t  s o  t ha t  a low sweep 
angle can be used when it i s  desired t o  f l y  a t  high l i f t  coefficients 
and low speed. Some points of i n t e re s t  i n  connection with the design 
of such an airplane a r e  i l l u s t r a t e d  by the resu l t s  of an investigation 

A possible 



28 NACA RM ~ 5 2 ~ 1 6  

a t  low Reynolds number and Mach number of a variable-sweep airplane 
model (refs. 77 and 116). Figure 22 i l l u s t r a t e s  schematically the m o d e l  
used and the longitudinal s t a b i l i t y  character is t ics .  A s  the sweep angle 
i s  increased by rotat ing the wing panels about a pivot point i n  the fuse- 
lage, the wing center of pressure moves rearward. and causes a large 
increase i n  longitudinal s t ab i l i t y .  In  order t o  overcome th is ,  the wing- 
panel pivot point must be allowed t o  t rans la te  forward a s  the wings a re  
rotated rearward. 

The data of figure 22 are, i n  a l l  likelihood, subject t o  Reynolds 
number e f fec ts .  It would be expected tha t  a t  Am = 23O the maximum 
lift of the wing would increase with an increase i n  Reynolds number and, 
because the strength of the leading-edge vortex flow (as indicated by 
the pitching-moment data)  would diminish with an increase i n  Reynolds 
number, the  maximum l i f t  of the wing a t  ALE = 6 3 O  
values shown. Thus, the variations i n  wing aerodynamic center due t o  
variable sweep may a l so  be d i f fe ren t  a t  f l i g h t  values of Reynolds number. 

may be less than the 

Contra flaps,-  Data on contra f laps  obtained from references 31 
and 32 a re  presented i n  table 21. The contra f l a p  i s  a f lap  located on 
the outer par t  of the wing span i n  order t o  provide negative camber i n  
the t i p  sections. 
the t i p  sections i n  the low angle-of-attack range. 
due t o  the download a t  the t i p  sections decreases with increases i n  
angle of a t tack and thereby provides a pitching-moment var ia t ion with 
l i f t  coefficient t ha t  has a s table  slope. A t  maximum l i f t ,  however, 
there must remain a nose-up tendency of such a magnitude that  when wing 
s t a l l i n g  occurs the pitching-moment break w i l l  be i n  the s table  direction. 

The r e s u l t s  presented i n  references 31 and 32 were obtained by using 

The s t a b i l i t y  character is t ics  were quite sa t i s fac tory  through the 

The negative induced camber resu l t s  i n  a download a t  
The nose-up tendency 

upper-surface s p l i t  f laps  on the outer par t  of the wing as the contra 
flaps. 
en t i r e  lift range; however, i n  these par t icu lar  t e s t s  large losses  i n  
l i f t  and increases i n  drag accompanied the improvement i n  s t ab i l i t y ,  
Inasmuch as no attempt was made i n  these investigations t o  see i f  the 
adverse l i f t  and drag e f f ec t s  could be minimized while minta in ing  the 
beneficial  s t a b i l i t y  effects ,  the usefulness of the contra-flap principle 
has not been f u l l y  evaluated. 

Wing Geometry 

C a m b e r  and t w i s t , -  Data on camber and twist  a r e  presented i n  
tables  18, 19, and 29 from references 26, 41, and 42. 
mation i s  contained i n  references 96, 79, and 78. 
swept wings have incorporated some degree of camber or t w i s t  or both 

Additional infor- 
Although most of the 
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camber and twist, the references listed are only those that provide 
comparisons with the uncambered and untwisted wings. 

Combinations of camber and twist have been commonly incorporated 
in unswept wings designed for relatively low-speed flight in order to 
obtain, among other things, satisfactory stalling characteristics. 
Recently, there have been advantages found in the use of camber and 
twist at transonic flight speeds. Although the introduction of camber 
and twist in the amount required to provide the desired load distribution 
at high speed is also in the direction to improve the low-speed longi- 
tudinal stability characteristics, it must be remembered that from low- 
speed longitudinal stability considerations the optimum camber and twist 
will be that derived from low-speed design consideration. Hence, the 
data which have been obtained with wings designed to meet a given high- 
speed requirement are not necessarily indicative of optimum low-speed 
benefits to be derived from camber and twist. 

A study which involved only the effects of camber (constant camber 
changes over the span) indicated that except for the trim changes to be 
expected, the pitching-moment characteritics were not materially affected 
by camber (ref. 26) .  Somewhat comparable results were obtained in an 
investigation where the effects of increasing the leading-edge radius 
and adding forward camber were studied on a Ac/4 = 35' wing (ref. 84). 
In each of the previous references (refs. 26 and 84) there was no span- 
wise variation in camber, and the full low-speed advantages of camber 
may not have been utilized. 

The effects of camber and twist on the pitching-moment character- 
istics of two wings (refs. 79 and 7 8 )  are presented in figure 23. In 
both cases, the twist and camber were calculated to provide uniform 
loading at supersonic speeds and at design lift coefficients of 0.4 
and 0.5 for the Ac/4 = 45O and Ac/4 = 60.80 wings, respectively. 
Actually, a compromise twist was used in the Ac/4 = 45' wing such that 
little resemblance remained between that desired for uniform loading and 
that tested. The compromise twist was in the direction to alleviate tip 
stall, and, as can be seen in figure 23, a small gain in the linear 
pitching-moment ran e was obtained. The pitching-moment characteristics 
of the Ac/4 = 60.8 wing are more irregular when twist and camber are 
introduced. It appears from the data available that additional work is 
required before camber and twist introduced to satisfy high-speed con- 
siderations can be evaluated in terms of improvements that will be 
produced in the low-speed stability characteristics of sweptback wings. 

Q 

Although camber and twist have not in the limited number of cases 

A com- 
available solved the low-speed stability problems, they may result in 
the need for fewer and less complicated stall-control devices. 
parison is shown in figure 24 of the pitching-moment characteristics 
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of wings with and without camber and t w i s t  and both with and without 
fences. 
acceptable pitching-moment character is t ics  whereas with e i the r  the 
fences or  camber and t w i s t  a very large destabi l iz ing s h i f t  i n  aero- 
dynamic center occurred a t  o r  pr ior  t o  maximum l i f t .  In  the case of 
the A+ = 6 0 . 8 ~  wing of reference 79, leading-edge f laps  and fences 
were used i n  order t o  improve the character is t ics .  
ment obtained by using these mechanical devices i s  i l l u s t r a t ed  by the 
resu l t s  of f igure 255. Unfortunately, these data a r e  limited i n  l i f t  
range, and it i s  not possible t o  t e l l  whether or not a s table  break i n  
pitching moment a t  maximum l i f t  would be obtained f o r  t h i s  configuration. 

The combination of fences and camber and t w i s t  provided rather  

The greatest  improve- 

Inverse taper.- The adverse e f f ec t s  of t i p  s ta l l  on sweptback wings 
can be avoided by causing the i n i t i a l  s ta l l  t o  occur over the inboard 
sections. Theoretical considerations would seem t o  indicate tha t  
inboard s t a l l  could be accomplished by means of inverse taper  ( re f .  117). 
I f  it were not f o r  the e f fec ts  of boundary-layer outflow, inverse taper  
would provide sweptback wings tha t  were longitudinally s table  well above 
the s t a b i l i t y  boundary of figure 12. Because of the boundary-layer out- 
flow, however, there i s  a poss ib i l i ty  t ha t  premature t i p  s t a l l  would 
l i m i t  the usefulness of inverse taper  a s  a means of a l lev ia t ing  the low- 
speed problems associated with sweptback wings of normal taper  ra t io .  
It should be mentioned, however, tha t  fences should be more effect ive on 
wings having inverse taper  than on wings of normal taper. The low-speed 
and low Reynolds number t e s t s  of a model which incorporated inverse taper  
( r e f .  118) have indicated very sat isfactory longitudinal s t a b i l i t y  char- 
ac t e r i s t i c s .  The sweep angle (Ac/b = 37.5') and aspect r a t i o  ( 3 . 0 ) ,  how- 
ever, were such tha t  sa t i s fac tory  s t a b i l i t y  would be expected for wings 
without inverse taper. 

Cranked wings.- Data on cranked wings a re  presented i n  table  23 
from reference 38. Additional information i s  contained i n  references 119 
t o  123. 

It has been suggested ( re f .  120) tha t  the low-speed longitudinal 
s t a b i l i t y  problems of sweptback wings can be reduced by using a wing plan 
form i n  which the sweep angle decreases toward the t i p .  The reduction 
can e i the r  be continuous (crescent-shaped plan form) or consist  of 
several steps (cranked-shape plan form). There have been arguments t ha t  
the plan-fo& discont inui t ies  may have adverse e f fec ts  on the maximum 
l i f t  character is t ics ;  however, the low-speed data available (see, fo r  
example, refs. 38 and 121) indicate t h a t  good or acceptable l i f t  and 
p i  tching-moment character is t ics  can be obtained. The high-speed drag 
character is t ics  therefore d ic ta te  i t s  usefulness. The proponents of the 
cranked-wing concept contend tha t  the equivalent sweptback wing has a 
leading-edge sweep angle equal t o  tha t  of the inboard sections of the 
cranked wing on the basis tha t  the detrimental compressibility e f fec ts  
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tend t o  occur first near the root sections. That the root sections a r e  
the more important i n  determining the c r i t i c a l  Mach number is  i n  agree- 
ment with the "crest  l ine" concept defined i n  reference 124. The only 
comparison between a sweptback and cranked wing made on the basis of 
equal inboard sweep angles i s  presented i n  reference 121. 
scope of these t e s t s  i s  re la t ive ly  meager, the r e su l t s  were de f in i t e ly  
promising as regards the use of a cranked wing up t o  a Mach number 
of 0.84. 
(1) the thickness of the sweptback wing w a s  12 percent and tha t  of the 
cranked wing w a s  10 percent. These thicknesses a re  i n  the range where 
a 2-percent reduction i n  thickness may be expected t o  produce rather  a 
s ignif icant  delay i n  the drag r i se .  ( 2 )  The sweep angle (inboard sweep 
angle 360) may be so low tha t  the favorable e f f ec t  a t  the test  speeds 
might not ex is t  a t  the higher transonic and low supersonic speeds where 
the decreased sweep of the outboard portions of the cranked wing may 
ef fec t  a measurable drag penalty. 
parison of a cranked wing with a sweptback wing i s  the e f fec t  a body may 
have on the c r i t i c a l  nature of the inboard sections. From low-speed 
pressure-distribution data, it appears tha t ,  with a body on, the "crest  
l ine" concept of reference 124 would indicate tha t  the inboard sections 
a re  no longer a s  c r i t i c a l .  

Although the 

Two factors  which tend t o  obscure the comparison made a r e  

A fur ther  consideration i n  the com- 

The preceding discussion has been very speculative and somewhat 
discounts the favorable cranked-wing r e su l t s  presented i n  reference 121. 
Actually, the value of a cranked wing i s  recognizable a t  low speed and 
perhaps should receive a c loser  scrutiny a t  high speeds. 

Composite (A, M, and W )  wings.- In the search f o r  a wing plan form 
which would incorporate the benefi+,s t o  be derived from sweep and yet 
possess acceptable low-speed character is t ics ,  the Germans investigated 
both the M and W plan forms ( r e f .  125). Recently work has been done on 
swept wings with the center sections f i l l e d  i n  t o  form A wings. Sub- 
s t a n t i a l  improvements have been obtained a t  low speeds i n  the longi- 
tudinal s t a b i l i t y  character is t ics  of these composite wings. Early swept- 
wing studies i n  t h i s  country ( re f .  126) a l s o  established the low-speed 
advantages of the M and W plan forms. There was, however, an implication 
made i n  reference 1255 that ,  when s p l i t  f laps  were deflected, there i s  no 
advantage i n  using an M wing instead of a sweptback wing. The high-speed 
considerations of the juncture drag t o  be associated with e i the r  the M or 
W plan form were instrumental i n  shelving these plan forms before any 
extensive amount of low-speed work had been done. Recently, it has been 
found tha t  such plan forms may not exhibit  the aerodynamic-center s h i f t  
resul t ing from t w i s t  due t o  bending, which i s  an unfavorable character- 

T i s t i c  of sweptback wings i n  the transonic speed range. A t  present, tran- 
sonic tests a re  needed t o  see i f  the drag penal t ies  of M and W plan forms 
are  compensated by t h e i r  s t ruc tura l  advantages. 
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HORIZONTAL TAIL 

A horizontal  t a i l  i s  usually employed t o  obtain damping and control 
i n  pi tch and a desired s t a t i c  margin. In i t s  conventional location it 
is  subject t o  the flow f i e l d  created by the wing-body combination. 
Whether o r  not the horizontal  t a i l  a f f ec t s  the s t a b i l i t y  of the combi- 
nation, other than by the s t a t i c  margin it provides, depends on the 
manner i n  which the character is t ics  of the flow fie19 i n  which the t a i l  
operates vary with angle of a t tack.  I n  the case of s t ra ight  wings, the 
flow Separation which could cause nonlinear var ia t ions of the flow with 
angle of a t tack  i s  r e s t r i c t ed  t o  a small angle-of-attack range pr ior  t o  
maximum l i f t .  Inasmuch as s t ra ight  wings are ,  i n  general, quite s table  
through maximum l i f t ,  any nonlinear flow charac te r i s t ics  due t o  flow 
separation and of such a nature a s  t o  cause the horizontal  t a i l  t o  be 
destabi l iz ing a re  not too detrimental. Thus, i n  straight-wing airplanes 
the problem i s  largely t o  design a t a i l  (geometry and location) t ha t  
w i l l  be capable of trimming the  airplane throughout the f l i g h t  lift 
range. Body effects may cause the t a i l  location t o  become a major design 
problem and t h i s  condition has been shown t o  be par t icu lar ly  t rue  i n  
the case of s t ra ight ,  low-aspect-ratio wings employing sham leading-edge 
a i r f o i l  sections. In contrast  t o  s t ra ight  wings, sweptback wings exhibit  
flow separation a t  l i f t  coefficients well below maximum l i f t  and, i n  many 
cases, sweptback wings are e i the r  unstable o r  possess only marginal 
s t a b i l i t y  through maximum l i f t .  In such cases any destabi l iz ing tenden- 
c ies  of the t a i l  resul t ing from nonl inear i t ies  i n  the flow character- 
i s t i c s  may not be tolerable .  

A s  ear ly  as 1946 ( f o r  example, ref. 10) it had been i l l u s t r a t ed  
t h a t  a horizontal  t a i l  located behind a s tab le  sweptback wing could 
r e s u l t  i n  a wing-tail combination tha t  was unstable through maximum 
l i f t .  A considerable amount of low-speed work has been done, therefore, 
i n  order t o  determine the most sui table  location f o r  a horizontal t a i l  
behind a sweptback wing. 
from references 13, 19, 36, '31, 29, 49, 54, and 23. Additional infor- 
mation i s  contained i n  references 127, 80, 81, and 128. 

Data on such work a r e  presented i n  the tables  

The r e su l t s  of the low-speed t e s t s  indicate that ,  whereas i n  
cer ta in  locations the horizontal  t a i l  may be detrimental, there a re  
locations a t  which the horizontal  t a i l  may measurably improve the longi- 
tudinal s t a b i l i t y  character is t ics  over those of the wing alone. In 
order t o  avoid the adverse e f fec ts  and t o  obtain the beneficial  e f fec ts  
t ha t  a horizontal  t a i l  i s  capable of providing, the following general 
rule  can be stated: The location of the horizontal  t a i l  should be such 
tha t  it is  emerging from the wake through the nonlinear l i f t  range of 
the wing ( t o  be discussed l a t e r ) .  This ru le  means tha t  for very short  
t a i l  lengths the t a i l  w i l l  l i e  below the chord plane extended, and f o r  
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very long tail lengths the tail will lie somewhat above the chord plane 
extended. 

In cases where the airplane configuration exhibits a high degree 
of stability in the maximum lift range, it may be desirable from trim 
and control considerations to locate the tail such that it will have a 
slight destabilizing influence. 
high-speed wake buffeting, and structural considerations may dictate a 
compromise location for the tail. It is necessary, then, to consider 
separately the effectiveness of the horizontal tail operating in the 
flow field behind sweptback wings and the over-all stability character- 
istics of the sweptback wing-tail combinations. 

Other factors such as ground clearance, 

Effectiveness 

The variations of horizontal-tail effectiveness with angle of attack 
for several sweptback wing-tail combinations are presented in figure 26. 
The horizontal-tail effectiveness parameter T is a measure of the 
.influence of the tail and includes the influence of both the wing and 
fuselage on the downwash and dynamic pressure at the tail plane. A 
derivation of the formula for T 

resulting expression is given as 
can be found in reference 54 and the 

so that 

and V (tail volume) are constant for any (C%> isolated 
Inasmuch as 

particular tail and tail location, the variations of T with angle of 
attack reflect any changes in the linearity of 

attack. A minus value of T signifies that the tail is providing a 
stabilizing contribution. 

Cmt with angle of 

L 

Data which are representative of the tail effectiveness to be 
* obtained behind sweptback wings are presented in figure 26. Sufficient 
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systematic data t o  permit the construction of comprehensive design 
charts however were not available. The influence of t a i l  location on 
the effectiveness of the  t a i l  can be seen by the manner i n  which T 

varies  i n  the h igh - l i f t  range f o r  the two t a i l  locations considered 
( f ig .  26). Whereas T f o r  the t a i l  i n  the high posit ion decreases and 
actual ly  becomes destabi l iz ing i n  the h igh- l i f t  range, T f o r  the t a i l  
i n  the l o w  posit ion remains essent ia l ly  constant and i n  cer ta in  cases 
becomes increasingly negative. A comparison of the data on par t s  ( a )  
and (b)  of f igure 26 indicates tha t  the re la t ive  t a i l  effectiveness i s  
somewhat improved when flow separation i s  prevented by extensible 
leading-edge f laps  although the e f fec t  i s  ra ther  s l igh t .  In  some other 
available data ( re f .  95) the e f fec t  i s  somewhat more pronounced. 

The survey data available behind sweptback wings have been used t o  
i l l u s t r a t e  i n  figure 27 the r a t e  of change of wake location with angle 
of a t tack  as a function of sweep angle. 
wake moves up a t  a greater  r a t e  with respect t o  the chord plane extended 
a s  the sweep angle i s  increased. It should be pointed out t ha t  the data 
presented i n  figure 27 represent, i n  general, slopes obtained through an 
angle-of-attack range from 0' t o  1 6 O ;  however, the trends i l l u s t r a t ed  i n  
figure 26 appear t o  follow t o  even high angles of attack. 
cance of these wake movements with re la t ion  t o  the downwash f i e l d  through 
which a par t icu lar  t a i l  w i l l  pass i s  i l l u s t r a t ed  i n  figure 28. The t a i l  
located i n  the high posit ion l i e s  well above the wake center through the 
en t i r e  angle-of-attack range and, as  can be seen i n  the accompanying plot  
of downwash against angle of attack, experiences an increasing ra te  of 
change of downwash with angle of a t tack throughout the greater  portion 
of the angle-of-attack range. The t a i l  located i n  the medium posit ion 
l ies  above, but re la t ive ly  close, t o  the wake center i n  the high angle- 
of-attack range. The increasing r a t e  of change of downwash with angle 
of a t tack  i s  l e s s  pronounced than tha t  obtained i n  the high position. 
When the t a i l  i s  located i n  the low position, it l i e s  below the wake 
center and experiences a decreasing ra te  of change of  downwash with 
angle of a t tack  as the angle of a t tack i s  increased. Although the 
movement of the wake with respect t o  any fixed t a i l  location seems t o  
define the ro l l ing  up of the vortex sheet with respect t o  the variations 
of ds/du obtained, another e f fec t  which i s  very s ignif icant  i n  the 
present discussion should be noted. 
t h a t  the downwash becomes progressively more unsymmetrical about the 
wake center as the angle of a t tack i s  increased. The unsymmetrical 
nature of the downwash f i e l d  a r i s e s  from the ro l l ing  up of the vortex 
sheet and, t o  some extent, from the inflow tendencies i n  the v i c in i ty  
of the wake. 
they per ta in  t o  s t r a igh t  wings. 
expected t o  contribute t o  the nonlinearity of the downwash character is t ics  
i n  the h igh- l i f t  range i s  the inward displacement of the t i p  vortices as 
s t a l l i n g  occurs a t  the t i p  sections of the sweptback wing. Actually the 
experimental data  available seem t o  indicate tha t  the e f fec t  of the inward 

These data  indicate tha t  the 

The s igni f i -  

An inspection of figure 28 shows 

Both of these phenomena are  described i n  reference 129 a s  
An  additional e f fec t  which might be 
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displacement of the t i p  vort ices  i s  a t  l e a s t  p a r t i a l l y  compensated f o r  
by the accompanying reduction i n  wing l i f t .  This re su l t  i s  somewhat 
ver i f ied  by the f ac t  tha t ,  when extensible leading-edge f laps  a re  used 
t o  prevent flow separation over the t i p  sections of a sweptback wing, 
the var ia t ions of downwash with angle of a t tack  obtained a r e  s t r ik ingly  
similar t o  those obtained on the plain wing. 

The e f fec ts  j u s t  described can be recapitulated as follows: the 
ro l l i ng  up of the vortex sheet (as  indicated by the upward movement of 
the wake) and the inflow tendencies in to  the  wake are  both factors  con- 
t r ibu t ing  t o  an increasing value of fo r  tails located above the 
wake center and t o  a decreasing value of 
the wake center. It has been shown tha t  the e f f ec t  of the displaced 
downwash f i e l d  (indicated by wake movement) i s  accentuated by sweep. 
The influence of sweep on the ro l l ing  up of the vortex sheet has not 
been extensively studied experimentally. Inflow tendencies in to  the 
wake would not be expected t o  be affected great ly  by sweep, but even 
t h i s  fact has not been established experimentally. It should be 
pointed out t h a t  the influence of the wake on the downwash and not 
the absolute values of dynamic-pressure r a t i o s  i n  the wake i s  the 
s ignif icant  factor  t o  consider i n  low-speed t a i l  design considerations. 

d€/du 
dC/du f o r  tai ls  located below 

Wing-Fuselage-Tail Combinations 

A ra t iona l  t a i l  location i s  inherently dependent on the s t a b i l i t y  
requirements imposed on the t a i l  by the wing-fuselage combination. 
f o r  a wing-fuselage combination exhibit ing neutral  s t a b i l i t y  throughout 
the l i f t  range, a t a i l  located i n  a f i e l d  of constant ds/du can pro- 
vide an adequate and constant s t a t i c  margin (see case I, f ig .  29). For 
a wing-fuselage combination exhibit ing an abrupt decrease i n  s t a b i l i t y  
through some par t  of the l i f t  range, it would be advantageous t o  have 
the t a i l  so located t h a t  
coeff ic ient  a t  which the decrease i n  s t a b i l i t y  occurred fo r  the wing- 
fuselage combination (see case 11, f ig .  29).  The l i n e a r i t y  i n  the 
s t a b i l i t y  character is t ics  of the complete configuration would, of course, 
be dependent on the degree of i n s t a b i l i t y  compensated f o r  by the decrease 
i n  ds/du. 
fuselage combination exhibi ts  an abrupt increase i n  s t a b i l i t y  through 
the l i f t  range of such a magnitude as t o  be undesirable. 
so  as t o  experience an abrupt increase i n  ds/du a t  the corresponding 
l i f t  coeff ic ient  could conceivably provide l i nea r  s t a b i l i t y  character- 

the  term "abrupt" has been used i n  these i l l u s t r a t ions ,  any gradual 
changes i n  the s t a b i l i t y  character is t ics  of the wing-fuselage combina- 
t ion  would necessitate gradual changes i n  ds/du a t  the t a i l .  Further, 
the absolute values of dynamic-pressure r a t io s  occurring i n  the wake 

Thus, 

d€/du decreased abruptly a t  the same l i f t  

A t h i r d  condition can be considered i n  which the wing- 

A t a i l  located 

n i s t i c s  for the complete configuration (see case 111, f ig .  29).  Although 
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have been ignored i n  the preceding discussion inasmuch as they only 
a f f ec t  the effectiveness of the t a i l  and are, therefore, only of 
secondary importance with respect t o  d€/du. Also ignored i s  the 

term at - (see equation i n  section en t i t l ed  "Effectiveness") which 

under cer ta in  conditions can have a measurable e f fec t  on the t a i l  con- 
t r ibu t ion  t o  the over-all s t ab i l i t y .  For the ta i l -on t e s t s  available 
a t  t h i s  t i m e ,  however, conditions of large when entering or leaving 
the wake have not been encountered. 

a g t  
q 

aa 

Condition I of figure 29 represents s t ra ight  wings and those swept 
wings on the s table  side of the s t a b i l i t y  boundary of figure 12. 
Case I1 of figure 29 i s  the typical  condition encountered with swept 
wings, and the unstable break i n  pitching moment may occur a t  or pr ior  
t o  maximum l i f t  depending on the combination of sweep and aspect r a t i o  
employed. The experimental data available indicated (see f ig .  28) tha t  
a t a i l  1ocated.so a s  t o  emerge from the wake i n  the h igh- l i f t  range w i l l  
provide the greatest  improvement i n  the nonlinear pitching-moment char- 
a c t e r i s t i c s  of the wing-fuselage combination. In  general, it i s  hardly 
t o  be'expected t h a t  a t a i l  posit ion can be found such t h a t  the nonline- 
a r i t i e s  of the t a i l  w i l l  exactly compensate f o r  the nonl inear i t ies  of 
the wing-fuselage combination. In  t h i s  regard, air-stream surveys of 
the downwash and wake character is t ics  a re  extremely useful i n  locating 
the t a i l  posit ion a t  which the maximum improvement i n  the nonl inear i t ies  
of the wing-fuselage combination can be obtained. For example, air- 
stream surveys were u t i l i zed  i n  reference 33 t o  show tha t  an inverted 
vee t a i l  could be used t o  obtain l i nea r  pitching-moment character is t ics  
for  a wing-fuselage-tail combination i n  which the wing had Ac/4 = 40°, 
an aspect r a t i o  of 4.0, and a taper  r a t i o  of 0.629. 

In many sweptback-wing cases, the degree of i n s t a b i l i t y  i s  s o  great 
t ha t  even i f  the f u l l  l i f t  capabi l i t i es  of the t a i l  could be used, an 
undesirable amount of i n s t a b i l i t y  would remain. Also, i f  nearly the 
f u l l  lift capabi l i t i es  of the t a i l  a re  employed i n  overcoming the unde- 
s i rab le  pitching-moment character is t ics  of the wing-fuselage combination 
the problem of adequate control becomes paramount. These two conditions 
necessitate the use of s ta l l -control  devices on sweptback wings. When 
such devices a re  effect ive i n  correcting the deficiencies of the wing- 
fuselage combination, the use of the maximum effectiveness of the hori- 
zontal t a i l  may r e s u l t  i n  a complete configuration tha t  has such a large 
degree of s t a t i c  margin as t o  be undesirable (case 111, f ig .  29) .  
Because of configurations such as  these an optimum t a i l  location cannot 
be defined without attaching numerous qualifying statements f o r  it i s  
quite obvious tha t  the use of s ta l l -control  devices reduces the t a i l  
requirements fo r  sa t i s fac tory  s t a b i l i t y  and hence allows a wide range of 
useful t a i l  locations. 



NACA RM ~52~16 37 

L I F T  

PLAIN WING 

Li f t -Curve  Slope 

1 

There a re  available a t  present a number of rapid methods f o r  pre- 
d ic t ing  the l i f t -curve slopes of swept wings ( re fs .  11, 75, 83, and 82) 
which do not require extensive calculations of  the load d is t r ibu t ion  i n  
order t o  obtain the required parameters. Figure 30 has been prepared 
t o  show the relationship between the various methods when they a re  
applied t o  the same set of wings. 
of perfect  correlation exis ts ,  except perhaps f o r  the method of refer- 
ence 11. The amount of data presented does not suffice,  however, t o  
indicate a de f in i t e  conclusion. 

Considerable s c a t t e r  around the l i n e  

The methods available f o r  calculating the span-load dis t r ibut ions 
of sweptback wings ( re fs .  130 t o  133 and 68) provide values of l i f t -  
curve slopes from induced angle-of-attack dis t r ibut ions tha t  have been 
more rigorously obtained than i n  the preceding rapid methods. The 
simplest method of reference 130 has been used t o  provide the tabulated 
resu l t s  presented i n  reference 75. A comparison has been made i n  refer- 
ence 133 of the var ia t ions of l i f t -curve slope with aspect r a t i o  obtained 
from several of the more rigorous methods. 
effect ively converge below aspect r a t i o  of 3.0, above t h i s  value of 
aspect r a t i o  the differences among the solutions obtained by the differ-  
ent  methods become progressively greater. It i s  argued i n  reference 133 
tha t  the differences a r i s e  t o  a large extent from the manner i n  which 
the plan-form discontinuity a t  the plane of symmetry i s  handled i n  the 
calculations. 
handling of the root discontinuity; however, experimental ver i f ica t ion  
of the various concepts i s  not yet available. Calculations have been 
made and compared with experimental data f o r  a wing of aspect r a t i o  8 
and Ac/4 = 45' 
continuity as  proposed i n  reference 111 i s  of minor significance 
( re f .  134); however, i t  i s  necessary t o  point out tha t  the root dis-  
continuity may be s ignif icant  f o r  wings of lower aspect ra t io .  I n  t h i s  
par t icu lar  comparison ( re f .  134) even those methods which most closely 
predicted the load dis t r ibut ions underestimated the experimental l i f t -  
curve slope. The reason advanced f o r  t h i s  underprediction, however, was 
t h a t  the e f fec t  of wing thickness on the section l if t-curve slope had 
not been accounted f o r  and not t ha t  the method of calculation was 
inadequate. 

Although a l l  the methods 

Both references 133 and 68 propose means fo r  the special  

and indicate tha t  the special  handling of the root dis-  

n 
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Maximum L i f t  
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Simple sweep theory (ref .  3) would indicate tha t  the l i f t  coef- 
f i c i en t  f o r  separation, and hence the maximum l i f t  coefficient of an 
i n f i n i t e  wing, w i l l  vary approximately as  c o s 2 ~  This simple rule, as  
it is generally known, has not been found t o  be consistent with the 
experimental maximum l i f t  coeff ic ients  of f inite-span wings (ref. 135). 
The maximum l i f t  coefficient i s  not only a function of sweep but, as  
w i l l  be shown i n  the following discussion, it i s  a l s o  dependent on the 
type of flow separation involved. A s  shown i n  figure 5, the type of 
flow separation i s  i n  turn dependent on the sweep angle, the leading- 
edge radius, and Reynolds number. 

Type of flow separation.- The manner i n  which flow separation may 
occur on sweptback wings has been previously discussed under the section 
on "Flow Considerations" and was shown t o  exert  a controll ing influence 
on the longitudinal s t a b i l i t y  character is t ics .  A s  i n  the case of the 
longitudinal s t a b i l i t y  character is t ics ,  the type of flow separation tha t  
prevails a l so  plays a s ignif icant  ro le  i n  the maximum l i f t  character- 
i s t i c s .  Hence, any attempt t o  es tabl ish an empirical ru le  t o  predict  
the maximum lift coefficient t ha t  i s  based on a correlation of experi- 
mental data  must necessarily take i n t o  account the type of flow sepa- 

ration. Figure 31 has been prepared t o  show the variations of 
ChaxA=O 

with sweep angle f o r  the cases of wings with and without leading-edge 
separation. In  the case of trailing-edge separation (no leading-edge 
vortex present) there i s  a reduction i n  maximum l i f t  coefficient through- 
out the sweep range; however, the reduction i s  somewhat l e s s  than tha t  
predicted by the cos A curve. This variance with simple sweep theory 
has been explained by the phenomena which occur a t  the t i p s  and a t  the 
plane of symmetry on a finite-span wing. Experimental investigations on 
swept wings ( for  example, refs.  69, 136, and 137) have shown tha t  the 
root sections do not exhibit  leading-edge pressure peaks. 
the spanwise pressure gradients a re  such as t o  cause an outward drain of 
the boundary layer from the root sections. The combined influence of 
these two ef fec ts  i s  such as  t o  make the root sections of swept wings 
highly res i s tan t  t o  flow separation and therefore capable of developing 
loca l  l i f t  coefficients of such large magnitude as t o  more than compen- 
sa te  fo r  the l i f t  losses tha t  occur when the t i p  sections of the wing 
s t a l l .  The high l i f t  potent ia l  of the root sections combined with the 
secondary r i s e  i n  l i f t  of the t i p  sections tha t  often occurs a f t e r  they 
have i n i t i a l l y  experienced flow separation generally allows the sweptback 
wing t o  experience a maximum l i f t  coefficient i n  excess of the value t o  
be expected on the basis of simple sweep theory. The upper curve i n  
figure 31 applies t o  wings having circular-arc a i r f o i l  sections. Wings 
of  t h i s  section represent an extreme case of leading-edge vortex flow 

2 

In addition, 
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and a re  quite unaffected by Reynolds number var ia t ions up t o  approxi- 
mately 10 x 10 6 . 
with an increase i n  sweep angle indicate tha t  the strength of the vortex 
i s  increased by an increase i n  sweep angle. 

The appreciable increases i n  maximum l i f t  coeff ic ient  

The experimental curves shown i n  figure 31 define the band i n  which 
the maximum l i f t  coefficient of any par t icu lar  wing may fall .  Experi- 
mental data were available t o  determine the maximum l i f t  a t  zero sweep 
f o r  the sharp-leading-edge a i r f o i l s ,  b u t  estimates i n  the case of the 
round-leading-edge a i r f o i l s  had t o  be used. 
t ha t  a t  a given Reynolds number any par t icu lar  a i r f o i l  section may not 
develop leading-edge vortex flow u n t i l  moderate angles of sweep are 
reached; hence, the var ia t ion of maximum l i f t  coeff ic ient  with sweep 
angle f o r  such a wing may follow the lower curve and then gradually 
bend upward and approach the upper curve. 

It i s  recognized, of course, 

The r a t io s  shown i n  figure 31 do not i n  themselves completely 
i l l u s t r a t e  the e f f ec t s  of sweep ( a s  defined by flow separation) on the 
maximum l i f t  coefficient.  An attempt was made i n  figure 32 t o  co l lec t  
the values of maximum l i f t  coefficient t ha t  have been obtained on 
uncambered and untwisted wings. A s  can be seen, there i s  a scarc i ty  of 
data f o r  wing thicknesses much i n  excess of 6 percent. 
sweptback wings on which data a re  available have incorporated various 
degrees of camber and would not, i f  presented on t h i s  figure, correlate.  
A t  best, f igure 32 i l l u s t r a t e s  t ha t  whereas the r a t io s  of maximum l i f t  
coefficient of f igure 31 are diverging with increasing sweep angle, the 
corresponding absolute values a re  converging. 

Actually, most 

Influence of camber.- Although it was found when figure 32 was 
prepared tha t  the available maximum-lift-coefficient data were, i n  most 
cases, obtained with wings incorporating a i r f o i l  sections of some degree 
of camber, very l i t t l e  information was found which could be used t o  
i so l a t e  the e f fec ts  of camber on the maximum l i f t  of sweptback wings. 

Figure 33 has been prepared t o  present data on cambered o r  twisted 
wings o r  both cambered and twisted wings a s  w e l l  a s  comparable data on 
uncambered o r  untwisted wings or both uncambered and untwisted wings. 
It i s  s ignif icant  t ha t  camber measurably improved the maximum l i f t  coef- 
f i c i en t s  over t ha t  of the comparable uncambered wings. 
indicated i n  reference 26 tha t  the improvements due t o  camber on the 
A,/& = 3 5 O ,  
dimensional data. 

It has been 

A = 5.14 and 10.07 wings can be estimated from two- 

Reynolds number and Mach number effects.-  An important consider- 
a t ion i n  any discussion of maximum l i f t  coeff ic ients  on s t r a igh t  wings 
(see, f o r  example, reference 138) i s  the in te r re la ted  e f f ec t s  of Mach 
number (as low a s  0.15) and Reynolds number on maximum l i f t  coeff ic ients  
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a t  very low speeds. 
i n t e r r e l a t ed  e f f ec t s  have not been developed so t h a t  data such as t h a t  
presented i n  reference 138 can serve as a guide i n  estimating the 
maximum lift coeff ic ient  of s t r a igh t  wings only. A s  f a r  as sweptback 
wings a re  concerned, the l i t e r a t u r e  is very meager, even qual i ta t ively.  
In  f igure 33, there  are two values of maximum l i f t  coefficient given f o r  
the Ac/4 = 35O, 
a t  a Reynolds number of 6.0 x lo6. 
f o r  the higher and lower values of maximum l i f t  coefficient,  respec- 
t ively.  The difference i l l u s t r a t e s  that ,  whereas simple sweep theory 
indicates  a reduction i n  the loca l  Mach numbers a t  the leading edge and 
thus minimizes the Mach number e f fec t  shown t o  e x i s t  a t  low speeds on 
s t r a igh t  wings, s ignif icant  differences i n  the experimental value of 
maximum l i f t  coeff ic ient  can be obtained when the relationships of Mach 
number with Reynolds number a re  changed such as by changing the wing 
s i z e  or  a l t i tude .  Thus, the data presented i n  figure 33 f o r  the first 
three wings were obtained a t  a constant Mach number and therefore show 
the effects of Reynolds number a t  t h i s  value of Mach number. For any 
other value of Mach number or f o r  the condition where the Mach number 
increases as the Reynolds number i s  increased, the comparison between 
the cambered and uncambered wings may be d i f fe ren t .  It appears there- 
fore tha t  any correlat ion of the maximum l i f t  coeff ic ient  of swept wings 
tha t  i s  founded only on the  basis  of comparable Reynolds number may be 
for tui tous . 

Methods f o r  the quantitative prediction of these 

A = 10 wing incorporating NACA 6 5 1 ~ ~ 1 2  a i r f o i l  sections 

The Mach numbers were 0.14 and 0.23 

Effect of aspect ratio.-  The e f f ec t  of aspect ra t io ,  as determined 
and 6-percent-thick 

and 12- 
The 6-percent- 

from tests of a family of wings having Ac/4 = 45' 
a i r f o i l  sections and three familes of wings of Ac/4 = 35' 
percent-thick a i r f o i l  sections, a re  shown i n  figure 34. 
thick wings are representative of those wings tha t  experience leading- 
edge separation. 
aspect r a t i o  are small, as would be expected from knowledge of s t ra ight-  
wing character is t ics .  It i s  interesting, however, t ha t  the r a t e  of 
change of maximum lift coeff ic ient  with aspect r a t i o  is  opposite i n  sign 
t o  tha t  f o r  s t r a igh t  wings. Presumably, with increasing aspect ra t io ,  
it approaches the value f o r  the i n f i n i t e  swept wing, which is  of the 
order of cos2A t i m e s  the  two-dimensional value. (The cosine rule i s  
theore t ica l ly  exact only i f  the phenomenon considered involves purely 
laminar flow, and it i s  not exact when applied t o  maximum l i f t ,  which 
i s  extensively involved with turbulent boundary-layer flows.) 

Over the range covered, t he  e f f ec t s  of var ia t ion i n  

Inf lec t ion  o r  Usable L i f t  Coefficient 

The terms "inflection" or  "usable" l i f t  coeff ic ient  have been com- 
monly used t o  define the l i f t  coeff ic ient  of sweptback wings a t  which 
large undesirable s h i f t s  i n  aerodynamic center occur. Although the terms 
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inflection CL and usable CL were previously introduced as synonymous, 
it is desirable to put slightly different interpretations on the two 
terms. The term "inflection lift coefficient" has been used in the 
present discussion to define the lift coefficient at which there is a 
break in the pitching-moment curve without any consideration being given 
to the uncontrollability or undesirability of the shift, whereas "usable 
lift'F connotes a shift in aerodynamic center which could cause serious 
control design problems. In view of the fact that a horizontal tail can 
overcome a considerable amount of instability contributed by the wing- 
fuselage combination, the term usable lift coefficient in the present 
paper is still somewhat arbitary. This lift coefficient is probably of 
more significance with regard to the maximum flight lift coefficient 
than the absolute value of the maximum lift coefficient in that it 
represents the lift coefficient beyond which stall control is required. 

Available data have been compiled and used to indicate the vari- 
ations of the ratio of inflection lift to maximum lift coefficient with 
sweep angle for various aspect ratios (fig. 35). 
necessary to differentiate between wings which exhibit trailing-edge 
ssparation and wings which exhibit leading-edge separation (leading- 
edge vortex flow present). 
having well-rounded leading edges (above vortex formation line of fig. 5) 
appeared to arrange themselves systematically. In figure 35( b) how- 
ever, some difficulty was encountered in systematizing the data for wings 
having sharp leading edges (wings incorporating circular-arc airfoils for 
the most part). It was found that on low-aspect-ratio wings subject to 
leading-edge vortex flow for example, A = 2, A,/& = 45O, fig. 35(b)), 
a stable shift in aerodynamic center occurred at a relatively low value 
of lift coefficient which remained until the maximum lift coefficient 
was reached. 
A = 4, 
values of lift coefficient and was more pronounced than that observed at 
the lower aspect ratios. The stable shift also was closely followed by 
a pronounced unstable shift in aerodynamic center. 

It has again been 

The data presented in figure 35(a) for wings 

( 

For wings of somewhat greater aspect ratio (fop example, 
Ac/4 = 45O, fig. 35(b)), the stable shift occurred at higher 

The preceding discussion has considered representative moment 
curves in the immediate vicinity of 45O of sweep; and as both the vortex 
strength and the relative area ratios (previously discussed in section 
entitled "Longitudinal Stability") change with increasing sweep angle, 
the discussion is not representative for wings having sweepback angles 
greater or less than 45'. 
therefore exhibits an unstable shift in aerodynamic center at a lift 
coefficient between the inflection and maximum lift coefficients that 
was not previously noted at Ac/4 = 45' 
ratio. 

A Ac/4 = 60° wing of aspect ratio 2.0 (ref. 86) 

.. 
for a wing of the same aspect 
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The data  presented i n  figure 35(a) represent not only the inflec- 
t ion  l i f t  coeff ic ient  but a l so  the usable l i f t  coefficient.  The same 
cannot be sa id  f o r  figure 33(b). 
aspect r a t i o  2.0 wing of 4.4 = 45' 
l imit ing the usable range of l i f t  coeff ic ient  a t  a l l .  
and aspect r a t i o  2.0, the s table  inf lec t ion  i s  again tolerable,  but, as 
previously mentioned, an unstable s h i f t  occurs a t  a somewhat higher 
value of l i f t  coefficient,  which i s  of such a magnitude as t o  be very 
undesirable, and hence defines a usable-lif t-coefficient range. It i s  
quite in te res t ing  tha t  the r a t i o  of t h i s  l i f t  coefficient t o  the maximum 
l i f t  coeff ic ient  i s  approximately the same as the inf lec t ion  lif't r a t i o  
for  the aspect-ratio-4.0 wing having the same sweep angle. The inflec- 
t ion  l i f t  coeff ic ient  f o r  the aspect-ratio-4.0 wing i s  a l so  characterized 
by a s t ab le  s h i f t  i n  aerodynamic center but, i n  t h i s  case, i s  of s u f f i -  
c ient  magnitude (say i n  excess of an 8-percent s h i f t )  t o  define a l so  the 
usable-lif t-coefficient range. For the case considered, the usable-lif t-  
coeff ic ient  range i s  the same f o r  wings of aspect r a t i o  2.0 and aspect 
r a t i o  4.0, although it i s  not defined by the inf lec t ion  l i f t  coefficient 
i n  both cases. 

The stable inf lec t ion  obtained f o r  an 
cannot be considered as seriously 

A t  Ac/4 = 60° 

The curves presented i n  figure 35 were obtained with wings having 
taper  r a t io s  somewhat greater  than 0.5. More data would be needed t o  
make a s imilar  analysis for  de l t a  wings. I n  general, de l t a  wings tha t  
do not experience leading-edge vortex flow are subject t o  a gradual 
rearward s h i f t  i n  aerodynamic center t ha t  adds up t o  a very large s h i f t  
between zero and maximum l i f t .  The gradual n a t u r e  of t h i s  rearward 
movement precludes the use of the term "inf lect ion l i f t  coefficient." 
When the leading edge i s  sharp and the consequent leading-edge vortex 
forms, the  rearward movement of the aerodynamic center i s  arrested i n  
the v i c in i ty  of 0.5 maximum l i f t  coefficient,  and a zero or s l igh t ly  
forward s h i f t  i n  aerodynamic center i s  obtained between 0.5 and 1.0 
maximum l i f t  coefficient.  The point a t  which the rearward movement i s  
arrested can be considered as an inf lec t ion  lift coefficient.  A s  the 
aspect r a t i o  f o r  other wings having zero taper  r a t i o  approaches the 
s t a b i l i t y  boundary defined f o r  such wings i n  figure 12, the forward 
s h i f t  i n  aerodynamic center becomes more pronounced but s t i l l  occurs i n  
the v i c in i ty  of 0.3 maximum l i f t  coefficient.  It w a s  found possible t o  
obtain by a process of interpolation i n  figures 34 and 35 the inflec- 
t i on  l i f t  coeff ic ients  of those wings having round-nose a i r f o i l s  and 
moderate taper  r a t io s  b u t  s t i l l  subject t o  the formation of the leading- 
edge vortex flow. In order t o  estimate the inf lec t ion  l i f t  coefficient 
of such wings, a f i r s t -order  approximation can be made as  follows. E s t i -  
mate the percentage of the radius defined by the boundary of figure 5 
and then use t h i s  percentage t o  interpolate between par t s  ( a )  and (b )  
of f igure 35. 
porates NACA 641-112 a i r f o i l  sections perpendicular t o  the 0.272-chord 
l i n e  and i s  one of several  for which such estimates were made. From 

For example, the A,+ = 50° wing of reference 43 incor- 
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figure 5 the effect ive leading-edge radius can be estimated as approxi- 
mately 80 percent of the  boundary radius. For the  aspect r a t i o  of 2.9, 
the r a t io s  of in f lec t ion  l i f t  coeff ic ient  f o r  the sharp-nose and round- 
nose conditions a re  estimated t o  be 0.25 and 0.80, respectively ( f ig .  35). 
If 80 percent of the difference between 0.25 and 0.80 i s  added t o  the 
value of 0.25, the resul t ing r a t i o  of in f lec t ion  l i f t  coefficient t o  
maximum lift coefficient i s  0.69. 
from reference 30 i s  0.67. 
f o r  the several  cases t r ied ;  however, it i s  s t i l l  f e l t  t ha t  additional 
data a re  required for  a more complete quantitative treatment. It must 
be emphasized tha t  the boundary presented i n  figure 5 and the curves 
presented i n  figure 35(a) a r e  subject t o  Reynolds number e f fec ts  which 
must be considered when interpret ing the present resu l t s .  The analysis 

higher values of Reynolds number. For example, the boundary of figure 5 
would be displaced upward with a reduction i n  Reynolds number and hence, 
i n  the case of the Ac/4 = 50° wing, i t s  percentage of the boundary 
radius would be reduced. Also, somewhat lower values would be obtained 
i n  figure 35(a) such tha t  the combination of the two changes would indi- 
cate a lower value of the r a t i o  of in f lec t ion  l i f t  t o  maximum l i f t  coef- 
f i c i en t .  Actually, the experimental data presented i n  reference 51 show 
such a reduction. 

The experimental value as determined 
The excellent agreement obtained i s  typ ica l  

.presented, however, does have general application a t  both lower and 

The data s o  far presented and discussed concerning the inf lec t ion  
l i f t  on swept wings were obtained on uncambered and untwisted wings. 
empirical study of cambered and twisted wings would, however, require 
considerably more data  than a re  presently available. A s  previously 
indicated, there  a re  indications tha t  the e f fec ts  due t o  camber a re  a 
function of sweep and can be estimated from two-dimensional data 
( re f .  26). 
be additive t o  the r e su l t s  presented f o r  the uncambered wings. 

An 

I f  such i s  the case then the e f fec ts  of camber may possibly 

Another approach t o  the general problem of predicting the 
in f l ec t ion - l i f t  coefficient of swept wings would be t o  develop a pro- 
cedure f o r  using two-dimensional a i r f o i l  data t o  predict  the three- 
dimensional character is t ics  of the wing. Reference 135 presents a f i rs t  
attempt at u t i l i z i n g  two-dimensional data t o  predict  the inf lect ion l i f t  
on swept wings. 
a consistent underprediction of the pitching-moment breaks obtained 
experimentally i n  three-dimensional flow. 

The comparisons presented i n  reference 135 show almost 

HIGH-LIFT AND STALL-CONTROL DEVICES 

An inspection of the data contained i n  the compiled tables  shows 
tha t  a considerable number of ra ther  detai led investigations which 

4 
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involved the  use of h igh - l i f t  and s ta l l -cont ro l  devices have been 
reported. 
f o r  generalized design charts. 
r e s t a t ing  the same one brought forward i n  reference 139.in 1947. 
Actually, however, these spec i f ic  investigations now permit qua l i ta t ive  
generalization unavailable a t  t he  t i m e  reference 139 was writ ten which 
can be judiciously used i n  design work. 

The data  have not been systematic enough t o  provide a basis  
Such a conclusion may appear to  be 

Linear L i f t  Range 

Experience has shown t h a t  through the  l i n e a r  l i f t  range, s ta l l -  
control devices do not grea t ly  influence the  l i f t  increments produced 
by a trail ing-edge h igh- l i f t  device. I n  an evaluation of the  l inear- 
l i f t  effectiveness of trail ing-edge f laps  therefore data  obtained both 
with and without leading-edge devices can be used. 

Figure 36 has been prepared t o  show the  var ia t ions of l i nea r  l i f t  
effectiveness with sweep angle from the systematic data t h a t  are avail-  
able  f o r  wings equipped with s p l i t  f laps.  The l i n e a r  lift effectiveness 
of the  half-span s p l i t  f laps  decreases markedly as the sweep angle i s  
increased. In  the  case of the  wings tha t  exhib i t  e i t h e r  leading-edge 
or  trail ing-edge separation, the l i nea r  l i f t  increment i s  closely pre- 
dicted by applying simple sweep concepts ( f i g .  36). In  order t o  indi- 
cate the influence sweep has on the l i nea r  l i f t  increment when the f l ap  
span i s  other than 0.5 span o r  the type i s  a double-slotted flap,  the  
da ta  of references 27 and 47 have been presented i n  f igure 37. Both of 
the wings used f o r  i l l u s t r a t i o n  i n  f igure 37 exhibited trail ing-edge 
separation. The comparison between the experimental and calculated 
curves indicates  tha t  i n  the case of s p l i t  f laps  the  agreement i s  good, 
a t  l e a s t  up t o  f l ap  spans of 0.5 span. In  e i t h e r  of  the  examples, how- 
ever, the l i nea r  l i f t  increments obtained experimentally with double- 
s lo t t ed  f laps  exceed the  calculated values f o r  any span of flap.  It 
should be pointed out t h a t  the  calculated l i f t  increments due t o  f laps  
can be readi ly  obtained by the  method of  reference 140 which has become 
avai lable  since the  publ icat ionQf references 27 and 47. 

I n  any case, the loss i n  l i nea r  l i f t  effectiveness i n  the moderate 
t o  high sweep-angle range i s  ra ther  severe, and it i s  of i n t e re s t  t o  
consider the effectiveness of area-increasing f laps .  The data of refer-  
ences 13, 39, 32, 48, 53, and 59 indicate  t h a t  increases i n  l i n e a r  l i f t  
effectiveness approximately of the same order of magnitude as the per- 
cent of area increase can be obtained with partial-span extended s p l i t  
f laps  (Zap). 
f lap  having a rectangular plan form and one of the  same area but having 
a t r iangular  plan form indicates  tha t  the increased effectiveness of the 
extended f laps  is  somewhat independent of the manner i n  which the f l a p  
area i s  added. 

The comparison made i n  reference 48 between an extended 
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Figure 38 has been prepared to summarize the available data on the 
lift effectiveness of trailing-edge flaps measured at an angle of attack 
of 0'. The data are presented for the configurations which provided 
acceptable pitching-moment characteristics through the lift range and 
also for the configurations which produced the greatest increments in 
maximum lift coefficient but did not possess acceptable pitching-moment 
characteristics through the lift range. The flap spans were greater 
for the configurations possessing undesirable pitching-moment character- 
istics but they are not actually full-span devices. 
are available, it appears that the lift effectiveness at an angle of 
attack of Oo is not appreciably increased by sacrificing acceptable 
pitching-moment characteristics through the lift range. 

Where comparisons 

Maximum Lift 

Trailing-edge flaps.- The influence of sweep on the maximum lift 
effectiveness of trailing-edge flaps is illustrated in figure 36. The 
data were obtained on two families of wings equipped with partial-span 
split flaps deflected 60°. 
the flaps on the wings incorporating NACA 65~006 airfoil sections (pro- 
nounced leading-edge vortex flow) cause a negative increment of maximum 
lift coefficient. An attempt was made to analyze the data presented in 
figure 36 and other available data, either in terms of the maximum lift 
increment at hc/4 = 0' 
cussed. No clear correlation could be found. For the two examples 
presented (fig. 36) the difference between the linear and maximum-lift 
increments for Ac/4 = 0' is approximately constant through the sweep 
range for the wings having NACA 230-series airfoil sections, whereas 
the corresponding difference is materially increased with an increase 
in sweep aagle for the wings of NACA 65-series airfoil sections. 

It can be seen that at moderate sweep angles 

or the linear lift increment previously dis- 

The influence of a variation in flap span on the increment of 
maximum lift coefficient for two sweptback wings having both split and 
double-slotted flaps is shown in figure 39. The results shown are 
representative, although the reduced effectiveness of the full-span 
split flaps on the Ac/4 = 35' wing is quite extreme. 

The data available for sweptback wings equipped with slotted or 
extended flaps seem to indicate that these types of flaps maintain at 
maximum lift a superiority over split flaps of approximately the same 
magnitude previously indicated in the linear lift range. 

An investigation (ref. 111) on Am = 47' wing-fuselage combi- 
nation shows the increments of maximum lift coefficient contributed by 
a partial-span single-slotted flap to be relatively insensitive to 
precise flap slot geometry. If the increments, which are admittedly 
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s m a l l ,  a r e  compared, however, on a percentage basis, they are found t o  
be as  sensi t ive t o  f lap  posi t ion as  i n  the case of two-dimensional flow. 

Leading-edge s ta l l -control  devices.. Grouped under the heading of 
leading-edge s ta l l -control  devices a re  such things as leading-edge s l a t s ,  
extensible. leading-edge flaps, droop-nose flaps, chord extensions, and 
boundary-layer control, Although the primary purpose of these devices 
i s  t o  control flow separation and hence t o  provide acceptable pitching- 
moment character is t ics ,  it might a l so  be expected tha t  by controll ing 
flow separation increases i n  maximum Lif t  coeff ic ient  would be obtained. 
The gains i n  maximum l i f t  coefficient obtained with the use of such 
devices a re  not large; however, i n  comparison t o  the effectiveness of 
trailing-edge s p l i t  f laps  on moderately t o  highly swept wings, they a re  
s ignif icant .  

It has been shown i n  reference 47 tha t  the optimum span f o r  an 
extensible leading-edge f l ap  from s t a b i l i t y  considerations i s  prac t ica l ly  
the optimum with regard t o  the effectiveness a t  maximum l i f t .  Such a 
generalization i s  not, however, rigorously substantiated by the data of 
references 27 and 39. The data presented i n  reference 43 indicate fur- 
ther  t ha t  the smallest-chord, smallest-span, extensible leading-edge 
f laps  which w i l l  provide longitudinal s t a b i l i t y  over the en t i r e  l i f t  
range w i l l  a l so  provide increases ( s m a l l )  i n  maximum l i f t  coefficient 
of the same order of magnitude as those obtained with larger-chord and 
larger-span extensible leading-edge flaps.  

Trailing-edge f laps  i n  combination with leading-edge s ta l l -cont ro l  
devices.- The individual effectiveness of both leading- and t ra i l ing-  
edge devices a t  maximum l i f t  has been discussed. 
are  used i n  combination, the increments of maximum lift coefficient a re  
not additive except i n  a few isolated cases as can be seen from an 
inspection of the data presented i n  the tables.  

When these devices 

Figure 40 has been prepared t o  show i n  a more graphic manner the 
incremental values of maximum l i f t  coeff ic ient  t ha t  have been obtained 
through the use of both leading- and trailing-edge f laps  on sweptback 
wings. Again as i n  figure 37, the configurations which possessed 
acceptable pitching-moment character is t ics  and those tha t  did not but  
gave the greatest  improvement i n  maximum l i f t  coefficient have been 
included. It is  in te res t ing  t o  note tha t  the extended s p l i t  f laps  
compare favorably with the double-slotted f laps  f o r  the several  cases 
available. 
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D R A G  

PLAIN WING 

Induced Drag 

The changes i n  spanwise l i f t  d i s t r ibu t ion  a t t r i bu tab le  t o  sweep 
necessarily produce corresponding changes i n  the drag due t o  l i f t  
(induced drag). Inasmuch as experimental data  are unavailable, recourse 
has been made t o  calculations i n  order t o  show the influence of sweep 
on the induced drag ( f ig .  41). 
Weissinger method i n  which 13 spanwise control points were used i n  pref- 
erence t o  the more commonly used seven spanwise control points. 
loadings computed by the Weissinger method u t i l i z i n g  15 spanwise control 
points which correspond t o  the drag values presented i n  f ig .  41 are 
unpublished.) For wings having taper  r a t io s  of approximately 0.25, 
sweep has only a small e f fec t  on the  induced drag f o r  the aspect-rat io  
range covered. For taper  r a t io s  greater  than 0.25, sweep has an adverse 
e f fec t  on the induced drag which i s  accentuated by an increase i n  e i t h e r  
taper  r a t i o  or  aspect ra t io .  For taper  r a t i o s  l e s s  than 0.25, sweep has 
a beneficial  e f f ec t  on the induced drag. 

The calculations were made by the 

(The 

P ro f i l e  Drag 

The minimum drag data  available from a systematic investigation of 
a family of wings having aspect r a t io s  of 4.0, t r p e r  r a t io s  of 0.6, and 
NACA 65~006  a i r f o i l  sections p a r a l l e l  t o  the plane of symmetry a r e  pre- 
sented i n  figure 42. 
i n  reference 14 i n  order t o  show more c lear ly  the e f f ec t s  of sweep. 
enlarged scale appears t o  be consistent with the accuracy of data 
obtained by semispan tes t ing.  As would be expected, these data indicate 
tha t  sweep has a negligible influence on the minimum drag, although there  
i s  a slight increase indicated between 45' and 60° of sweep. 

The drag scale  has been enlarged from t h a t  used 
This 

An indication of the e f fec t  of sweep on the  var ia t ion of the pro- 
f i l e  drag with lift coeff ic ient  i s  given by the wake-drag measurements 
presented i n  reference 87. The r e s u l t s  of reference 87 a re  presented 
i n  f igure 43. It w i l l  be noted tha t  the minimum wake drag i s  unaffected 
by sweep, as previously indicated t o  be the  case by the data of f ig-  
u r e  42. There is, however, a measurable large increase i n  the wake drag 
f o r  the swept a i r f o i l  as the l i f t  i s  increased. In t h i s  par t icu lar  com- 
parison, it should be pointed out t ha t  the wing thick'ness and leading- 
edge radius of the a i r f o i l  section taken p a r a l l e l  t o  the  a i r  stream a re  
considerably less f o r  the swept case than f o r  the unswept case. These 
changes i n  geometry may have had a greater  influence than the sweep i n  

m 
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increasing the rate of increase i n  wake-drag with l i f t  coefficient f o r  
the swept case over t ha t  obtained i n  the unswept case. 

With regard t o  camber, it can be shown from geometrical consider- 
a t ions tha t  the design lift coeff ic ient  of a swept w i n g  is  considerably 
less than tha t  corresponding t o  the camber of the sections normal t o  a 
swept reference l i n e  and i s  even l e s s  than tha t  corresponding t o  the 
camber of the  sections taken i n  the  stream direction. Figure 44 has 
been prepared t o  show the decrease i n  l i f t  coeff ic ient  f o r  minimum pro- 
f i l e  drag when the panels of an unswept wing employing a i r f o i l  sections 
having a design lift coefficient of 0.2 a r e  rotated such tha t  the air- 
f o i l  sections are al ined perpendicular t o  the 0.286 chord l i n e  on the 
swept wing. 

Span Efficiency 

The drag of a wing may be considered t o  be comprised of three 
parts:  namely, the minimum prof i le  drag, t ha t  par t  of the prof i le  drag 
which var ies  with l i f t  coefficient,  and the induced drag. Various 
investigators have compiled and analyzed experimental data  on s t ra ight  
wings f o r  the purpose of deriving a generalized drag equation fo r  use 
i n  performance calculations. In  t h i s  country, the commonly applied 
drag equation i n  performance calculations contains Oswald's efficiency 
fac tor  e and the equation i s  writ ten 

It can be seen tha t  the fac tor  e i s  used t o  lump the variable par t  of 
the p ro f i l e  drag and the percent deviation of the induced drag from tha t  
of the e l l i p t i c a l  wing in to  a s ingle  terra. 
a ture  attempted correlations of t h i s  fac tor  with such parameters as  
aspect r a t i o  and taper  r a t i o  ( f o r  example, reference 141). 

the e f f ec t s  of sweep (ref. 142). Unfortunately, the  l i f t  range where . 
the parabolic drag var ia t ion is. applicable i s  generally small and the 
sca t t e r  obtained i n  such correlations has been of such a magnitude as 
t o  l i m i t  seriously the usefulness of the fac tor  ,e. A cursory exami- 
nation of - the  s c a t t e r  seems t o  indicate tha t  leading-edge radius, thick- 
ness, and thickness d is t r ibu t ion  are factors  a f fec t ing  e t o  the same 
degree as aspect ra t io ,  taper  ra t io ,  and swe.ep angle. 

One can f ind i n  the l i t e r -  

More 
recently, attempts have been made t o  extend the-correlat ions t o  include _ _  

For the convenience of the reader who may f ind suf f ic ien t  similari-- 
t i e s  between one of the wings i n  the present paper and h i s  par t icu lar  

L 
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design, values of e and the  l i f t  coeff ic ient  t o  which they a re  appli- 
cable have been presented i n  tab le  49. 
re l iab ly  read have been used. 

Only drag data  which could be 

HIGH-LIFT AND STAILCONTROL DEVICES 

The drag increment a t t r ibu tab le  t o  trailing-edge f laps  is, i n  
general, reduced when sweep is  incorporated i n  the  wing. This f ac t  i s  
i l l u s t r a t e d  i n  figure 43, where the effect ive paras i te  drags of two 
types of trailing-edge f laps  on a sweptback wing a r e  compared with those 
obtained on an unswept wing. When a simple method i s  used t o  reduce the 
straight-wing data t o  tha t  of the sweptback wing, the reduction due t o  
sweep i s  approximately a function of the cosine squared of the sweep 
angle. 

The reduction i n  prof i le  drag and l i f t  effectiveness of t ra i l ing-  
edge f laps  tha t  occurs when sweep i s  employed means tha t  the pr incipal  
e f fec t  of sweep (indicated by applying simple sweep theory) i s  the 
change i n  the e f fec t ive  veloci ty  component (V cos A ) .  
drag-producing qua l i t i e s  are then i n  the same order on swept wings as  
on unswept wings i n  tha t  s p l i t ,  double s lo t ted ,  and s lo t t ed  f laps  a re  
i n  a descending order of drag increment. 

The re la t ive  

Langley Aeronautical Laboratory 
National Advisory Committee f o r  Aeronautics 

Langley Field, Va. 
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Trailing-Edge 
DsVlCe 

Sp l i t  f l ap  

Sp l i t  f l a p  

NACA RM ~ 5 2 ~ 1 6  

Stall-CoIitrol me- Horizontal 
mvioe lage Tail  

L E .  droop 

Boundary-layer (In 
control 

TABLF 1. - IMDM TO TABUIA'ITD DATA 

5 

6 

-40.6 -45.0 3.12 0.380 Root% NACA 0015 
Tip : NACA 23009 

-34.0 -36.2 3.94 0.625 Circular arc 

-32.3 -35.3 5.79 0.389 NACA 64-210 
1 7 1  I I I I 

I 

Spl i t  f l ap  

Slngle-SlOtt8d f l ap  
Sp l i t  f l a p  

Double-slotted f l a p  

L . E .  f l ap  @I 

L . E .  f l a p  
L . E .  Sla t  (PI on 
L . E .  droop 
Fence 

8 Root: NACA 0015 
-25.9 -30.0 4.69 0-400 ~i~ I NACA 23009 

9 

10 

11 

0 0 3.40 1.00 Circular arc 

0 0 4.00 1*00 Circular arc 

3.58 0 4.M) 0.600 NACA 65A006 

NACA 6518012 
36.25 1 35.0 1 5.14 I 0.719 1 NACA 641A312 

NACA 6418612 

12 3.6 0 4.62 0.550 Root: NACA Tip : NACA 23009 

9.46 

10.46 

32.47 

9.0 4.00 0.500 Double wedge 

5.28 2.50 0.625 Hexagonal 20.06 

20.4 5.91 0.280 I?AF 34 

I I 1  1 Spl i t  f l a p  

32.6 

33.4 

30.0 4.00 0.600 ruu 65~006 

30.0 4.84 0.440 Root: NAcA Ool5 T i n  : NACA 23009 

Spl i t  f l a p  I I I  I 

19 36.25 

L.E. f l a p  
L.B. droop split f l ap  

Plain f l a p  L . E .  droop 

- 
NACA 651A012 

35.0 10.0" 0.500 NA.CA 641A312 
NACA 641A612 

Sp l i t  flap I I /  I 

37.0 
L.E. f lap  

Double-slotted f l ap  
Sp l i t  f l a p  35.0 6.00 0.500 NACA 641-212 

I Fence 
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Stall-Control 
Device 

&.E. f l a p  
L.E. s l a t  
Fence 

L.E. f l a p  
L.E. droop 
Fence 

L.B. f l a p  
L.E. s l a t  

TABLE 1.- INDEX TO TABULATED DATA - Continued 

Fuse- Horieontal 
lage T a i l  

Qn on 

on m 

* Variabio 

L E .  f l a p  

L.B. f l a p  
Fence 

Fences 

L.B. droop 
Fence 
L.E. f l ap  

45.0 

m On 

on 

on 

45.0 

Boundary-layer 
control 
Boundary-lager 
control 
L.E. droop 
Round L.B. 
Fenc. 

L.B. f l a p  
L.B. droop 
Fence 

L.E. f l a p  
L.E. chord ext. 
FOllCO 

I.B. f l a p  

L.E. chord ext. 
L.R. droop 

45.0 

45.0 

45.0 

- 
- 
- 
45.0 

45.0 

45.0 

45 -0 

- 
I_ 

- 
- 
45.0 
- 
45.0 

- 
45.0 

45.0 
- 

on on 

&I On 

(Ln rn 

45.0 - 
50 -0 
-- 
50.2 

8.00 0.450 

5.00 0.565 

6.00 0.500 

4.00 0.600 

3.40 0.510 

3.40 0.510 

3.50 0.500 

3.50 0.500 

5.10 0.383 

3.64 0.420 

2.00 0.600 

Airro i l  Trailing-Edge 
Section Device 

NACA 641-112 S p l i t  flap 

Circular aro Spl i t  f l a p  

NACA 64A009 Spl i t  f l a p  

NACA 65A006 split f l a p  

NACA 65A006 S p l i t  f l a p  

NACA 631A012 S p l i t  f l a p  

Cambered 63-012 S p l i t  f l a p  

NACA 64AOlO 
NACA 6 W 1 0  

NACA 64A010 
NACA 6 4 A 8 l O  

NACA 654006 Spl i t  f l a p  

NACA 641A112 Plain f l a p  

NACA 64111112 S p l i t  f lap  

NLC4 641A112 S p l i t  f l a p  

Circular a rc  Plain n a p  

split n a p s  
NACA 64-210 Single-slotted R a p  

Double-slotted flap 

Roots BACA 0015 

NACA 65A006 S p l i t  R a p  

NAC4 65A006 Spl i t  f lap  

NACA 6%-112 Spl i t  f l a p  

Circular arc S p l i t  f lap  I 
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T A D  1.- INDEX TO TABULATED DATA - Concluded 
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T A B U  2.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

43.2' SWEPTFOHWARD WING 

0 .L .8 1.2 1.6 2.0 

I I , 
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TABLE 3.- SUPNARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

41.3' SWEFTFORWARD WING 

4.04 

h.68 

4.39 

3 26 

4.60 

___ 

5 .oo 

C, Charaetarlstica 

0 .hcL.8 1.2 1.6 2.0 
't 

i-5- 
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TABU 4.- SUMMARY OF LONGITUDD?& STABILITY CHARACTERISTICS OF A 

41.3' SWEPTFORWARD WING 

R = 3.55 
?.= 0.500 M- = 0.14 

~irfall Seotlons (peroendleuler to 0.150 chord line) 

Rmax = 10.6 x 

_ -  IC =- 

c @ =  

7 C, Cheracterlrtlcs 

' 
0.0121 1 

E 
0.0125 E 
?-== 0.0121 

16 

~ 

16 

16 

16 

16 

16 

- 
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TABU 5.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

40.6' SWEPTFORWARD WING 

- I 
,970 SPll t 
Flap - 
7 C, Charnetsrlotlea Rsronnos 

I 

I 
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TABLE 6.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS O F  A 

34' SWEPTFORWARD WING 

A = 3.94 Qx = 9.6 x lo6 1 &A =-36.Zo 

?. = 0.625 Mm*. = 0.22 

Al~foll seCtimS Inorme1 t o  111% OS mailmum thlclmass) 

Root: 10 proent DUO* circular arc 

Tip: 6.1 Pdroant thick ~ l r w l s i  e m  

Conripratlo" 

I I 1  I I I I 
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TABI;E 6.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHAlUCTERISTICS OF A 

34' SWEPTFORWARII WING - C o n c l u d e d  

= 

CL.. 

- __ 

21.0 

- 

26.5 

- 

28.2 

- 

27 .o 

- 

26.5 

- 

21.0 

- 
26.0 

- 

26.0 

- 

28.0 

- 

25.6 

__ 

26.0 

- 

L/D a t  
95 %P. - 
2.99 

0 .$.E 1.2 1.6 2.0 

:7 

18 

- 

18 

2.91 

__ 

2.14 

18 

- 
18 

3.00 

- 

4 .86 

18 

~ 

18 

_. 

18 

4.78 

I -  5.55 

- 

5.19 

- 

4-96 

fr I- 
18 

4.18 

- 

5.25 

- 



NACA RM ~ 5 2 ~ 1 6  75 

TABLE 7.- EXJMUiRY OF LONGITUDINAL STABILITY CRllRACTERISTICS OF A 

=ii 

P" 

T.E 1EO 

21 - 

32.3' SWEPTFORWARII WING 

m o t :  UACA 64-210 

Tip: LlACA 64-210 

C O n r l g v l n t 1 . a "  C 4 . X  %I. 

c-=-=- 0.96 18.7 

I 1  
0 

<-> 
1 = -1.64 % = ,361 

1.20" 25.0 

<->- 1.3 ' 25.0 I 1  
I = -2.20 .$ -.lo7 

1.10 17.C - 
1.12 16.1 v 

c=?. 

-\ 

-\ 

1.31 18.1 

1.13 11.1 

1.24 18.1 

* C- not reached 

C, Chnrscterlrtlcs 

.4 .8 1.2 1.6 2.0 



TABLE 7.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CWLRACTERISTICS OF A 

32.3' SWEFTFORWARD WING - C o n t i n u e d  

-- a 

- 
<-> 1.55 26.0 I 
e 1.20 2 k . O  

<-> 1.35 26.0 

0 

-===-G > l.50Q 25.0 

1 = -1.6' 2 = .J61 

<d- 1.52- 25.0 
lt = -1.6' 3 = .252 

'-- > 1.53* 25.0 
0 

it I -1.5" P = .I14 

1 5 -2.10 & = -.1q 

I I  

I 1  

--I n _ I  l9 
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TABLE 7.- SUMMARY O F  LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

." 
L .a 
IC0 
21 
=/ 

Al l  
,.E 
11.1 

32.3' SWEPTFORWARD WING - C o n t i n u e d  

k 1 - -1.30 
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&.. 

1.88 

.78 

.85 

1.88 

1.85 

1.83 

1.86 

.28" 

.40' 

1.48 

.46* 

.48" 

1.62 

1.62 
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k. 

25. 

21. 

17.. 

17. 

17. 

16. 

19. 

29. 

29. 

23. 

25. 

25. 

23. 

23. 

T A B U  7.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS O F  A 

32.3' SWEPTFOWAFD WING - Continued 

t = -2.10 =-.lo1 

L t  = -1.10 

0 < 
I t  = -1.10 % i.252 

8.80 

F.85 

1.53 

8.38 f - - y  

1.35 

9.W 

- -2 

reached 
I I 
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d 

TABIZ 7.- SUMMARY O F  LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

32.3O SWEPTFORWARD WING - C o n c l u d e d  

I I  

I I - 

4*lnCL.., 

.a 22.0 

1.20 25.0 

1.36 25.0 

1.42 21.0 

.51' 25.0 

1.46 19.0 

1.60 19.0 

1.20' 26,O 

1.56 25.0 

1.26' 26.0 

79 
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.9J2 3pll t 
P1.P 
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1.60 19.5 

P 

TABL;E 8.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

25.9' SWEPTFORWARD WING 

5.92 1 I l7 

. .  . .  
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J 

TABm 9.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

0' SWEPTBACK WING 

Root: 10 p r c s n t  thlck CiPoular 890 

Tlp: IO p r c s n t  thlrk clroular %To 
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TABLE 10.- SUMMARY O F  LONGITUDINAL STABILITY CHARACTERISTICS OF A 

0' SWEPTBACK WING 

6.56 0.6 

6.23 

5.62 

5.09 

- 
1.00 

/3 5.59 

4.97 

__ 

4.34 

s. - 100 
8.50 

~ 

9.06 

- I-- - 
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TABU 10.- SUMMARY O F  LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

0' SWEFTBACK WING - Concluded 



84 

TABU 11.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

3.58' SWEPTBACK WING 
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TABLE 12.- sUMMARY OF LONGITUDINAL STABILITY CHA.RACTERISTICS OF A 

3.6' SWEPTBACK WING 

llcmo Split - - SPl t 
P1.P 

1.98 20.2 I 

2.21 20.8 t 
cm Charactarlstlca mronnce 

I 
0 1.2 1.6 2.0 

I-'- 
I 
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TABLE 13.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF 

WING W I T H  9.46' L.E. SWEEP 

one 

.OM 

.E. 
POD 

< - - -  0.e 

9.70 

5 . l J  

6.42 

- 

6.02 

5.98 

- 

0 .*.8 1.2 1.6 2.0 

\ " "  

+ 
w 

23 

- 

23 

2b 

23 

23 

- 

23 

- 
23 

# 
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T A B U  14.- SUMMARY O F  LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

10.46' SWEPTBACK WING 

= 7.6 x 106 = 5.28' A = 2.5 

A = 0.625 %ax = .16 
Airfoil Baotlona Inorme1 to llna of  maxlmum 

Root: Hexagonel t/c = .06 

nn: Hsxsgonal t / c  = .Ob 

z f i  r 3 
2 = .177 it = -1.75' 

-- 
LE = 3 

& = .177 it = 2.15' 

U". 
pbliahat  
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T A B U  14.- SUMIQLRY OF LONGITUDINAL S T A B I L I T Y  CHAXACTERISTICS O F  A 

10.46' W E B A C K  WING - C o n t i n u e d  

6r = 50° 
- 

_a 

6 = 10 

I <4 > 
bn I 10' 6r = SO0 

3*59 1 
rm b 1 I ah e d 

publlahod 

mbllahad 

I I 



NACA RM L52D16 89 

TABU 14.- SUMMARY OF LONGITUDINAL STABILITY CIlARACTERISTICS O F  A 

10.46' SWEPTBACK WING - Continued 

5 = 200 

6 i 50' 

I I  

a/E = 2 It = -8.16" 

I I 

publisher 

publiehe 
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TABLE 14.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS O F  A 

10.46' SWEPTEACK WING - C o n t i n u e d  

<-===Qa > 
6f E 50" 

2r . -_  .40 Q 
CP = 3 

IF = 3 e = - .177  

- 
3 . 8 1  

- 

F 

R 

un- 
lubl lahed 

U" - 
m b l i s h e d  

on- 
mbllahed 
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TABU 14.- S-Y OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

10.46' SWEPTBACK WING - C o n c l u d e d  

P." 2 .  

7:; 

75 '.E. 
' l ap  

- 
l.O( 
P.E 
'le1 

- 

C. Charsctsrlatlca 

4 = JOo Or = 50' 

U" - 
mbllahed 

On- Jubllshad 

- 

U"- wbllahsd 

__ 

Ul2- wbllahad 

if 
1\ 
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TABLE 13.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

32.47' SWEFTBACK WING 

cmriguration ==I 
I l+' - 
1.L G? 

0 .?.e 1.2 1.6 2.0 

0- 

1 

t 

25 

25 
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T A m  16.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CKARAeTERISTICS OF A 

32.6' SWEPTBACK W I N G  

A = 4.0 Rmpx = 12.0 x lo6 1 Aoh = 500 

=ma. = 0.20 A= 0.600 

AiMeil a O E t l r m s  (parallel  to Plane of qmmSW.71 

Root: HACA 65AOC6 
TIP: HACA 65AOOb 

1.18 14.0 c==t; .500 9.11t 
Flap 
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TABLE 17.- SUMMPLRY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

33.4O SWEEBACK WING 

I Ti=: NACA 23009 lapproxlmats) I 
L 

C, Characterlrtlcs Im~enncs  

~ 

17 

- 
17 

I -  17 

I 



NACA RM ~ 5 2 ~ 1 6  95 

P 

f 

P 

TABLF: 18.- SUMMaRY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

36.25' SWEPTBACK WING 

TABLE 19.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

36.23O SWEPTBACK WING 

= 
p." T. 

7:; 
= 

one 

651~012 

64,r612 L 



96 NACA RM ~ 3 2 ~ 3 . 6  

TABLE 20.- SUMMARY OF LONGITUDINAL STABILITY C I T E R I S T I C S  OF A 

37' SWEPTBACK WING 
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A TABLE 20.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

37' SWEPT'BACK WING - Concluded 

- 

I - I 1.28/ 25.c b"-200 

6. - 30" 

6" - LOo 

1.26 20.C 

I I 1  

9.49 

8.15 

8.06 

7.10 

- 

11.45 
- 
11.90 

11.75 

- 

11.88 

8.06 

8.20 

- 

7.io 

6.95 

- 

' '4 I 27 
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TABLE 21.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

42' SWEPTBACK WING 

- 
29 

1.08 1q.o - 

c -  1.09 17.0 __ 0 

it E -3.10 c = .254 

lt = 4 . 1 0  $5 = .031 .- <-> 1.05 22.0 - 

w 29 

1.13 22.0 - 
1 -  - + . l o  
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TABLE: 21.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CJULRACTERISTICS OF A 

42' SWEPTBACK WING - Continued 

- 
CL, 

PE 

15.0 

- 
15.1 

__ 

15.1 

- 
16.5 

__ 

18.4 

- 
20.2 

- 

20.2 

20.2 

20.2 

- 
17.2 

18.4 

- 
16.2 

- 

17.5 

c. Olar.*terlatllc. 

0 .bCL.S 1.2 1.6 2.0 

b==-- 

7 4 9  

__ 

5.08 

32 

__ 

32 

33 ?--- 
t 

c y -  1.1c 

0 

33 

f 

It = -3.40 

33 

33 .-- - 
It = - 4 . 9  --I2( $ = -.061 

I 
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TABLE 21.- SUMMARY OF LONGITUUlNAL STABILITY CRARACTERISTICS OF A 

4 2 O  SWEPTBACK WING - Continued 

P ." 
L.l 

:i - 

15 
*P 

-- 
1 i -3.20 g =  .254 

< z L  1.42 20.4 
I i -4.10 _ -  - A31 

1.42 22.4 

0 

< - >  1.43 21.5 

1 -  t - -3.50 % i A17 

c-7 1.41 21.5 

lt = -3.40 $ i .162 

<->- 1.49 21.8 

1 -  t - -5.00 2 - -.061 

71 29 

1="'I 33 
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TABI.3 21.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHAFACTERISTICS O F  A 

42' SWEPTBACK WING - C o n t i n u e d  
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TABU3 21.- SUMMARY O F  LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS O F  A 

42' SWEPTBACK WING - C o n t i n u e d  

1.56' 24.0 __ 0 <- 2 
2' I ,162 

it = -3.50 

-- 1.65' 24.0 - - 29 

i t  = -4.20 2a r- - -.ob& 

<-> 1.56' 22.0 - 
It = -3.50 " =  ,254 

29 
1.60a 23.8 - 

I -  

It  ir -4.1' 3 = .03l 
1- 

> 1.68 25.8 - <- 
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TABU2 21.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

42' SWEPTBACK WING - Continued 9 

6.4 

3.57 31 

3.76 3l  

6.50 P 

29 

29 

29 - 
= -4.40 P =.051 
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TABU 21.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

42' SWEPTBACK WING 

b 

I t  = -7.50 ?2-. - 509 

<a===- 

< /- 

L 

- C o n c l u d e d  

- 
5.19 

- 

5.19 

- 

5.00 

___ 

5.82 

- 

5-05 

CL 
0 .4 .8 12 1.6 2.0 

29 

I 
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P 

h 

TABLE 22.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

42' SWEPTBACK WING 
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TABLE 22.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

42' SWEPTBACK WING - Continued 

CLW 

= 

21.4 

26.4 

- 
17.2 

- 

17.2 

- 

17.2 

__ 

17.2. 

- 

24.5 

- 
22.6 

_. 

24.4 
- 
24.5 
__ 
21.5 

- 
21.5 

- 
21.2 

- 
20.6 

__ 

22.6 

- 
18.7 

18 .I 

I 

* 
- 
36 

36 
0 

= -1.20 + = 4 3 9  

36 

- 

36 

= -1.20 ?g I .Ill -m  0 
\ 

= -2.10 

-===--- -I==- - 36 - 
36 

37 

- 

37 4.95 I +A=L..+ 

31 

37 

16 

36 

16 

- 

* 

36 



NACA HM ~521116 107 

TABLE 22.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS O F  A 

42' SWEPTBACK WING - Concluded 

= -1.00 r .211 11,401 
5.38 

5.37 

- 
6.02 

I 1  
1.17 22.4 

5.04 

3.58 

4.67 
- 

4.27 + I -  
4.11 

- 
4.21 

35 
~ 

35 
. -~ 

35 4.68 

4.43 35 

1.29 1B.5 

.t = -1.20 
0 > 1.28 18.5 

z-1.00 ~ 1 = .339 

> 
= .211 

1.26 18.5 0 

* 1 
2 0 1.32 18.5 

= -1.9' . i -.a11 - 
5.22 

4.87 

5.01 

4.97 

- 
___ 

~ 

1.35 20.7 

~ 

5.58 - 
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TABLE 23.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

43' - 20' SWEFTBACK WING 

A = 4.12 S& i 6.0 x lo6 1 A= 0.36 

38 

38 

- 
38 

38 

38 

38 
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TABI;E 24.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

45' SWEPTBACK WING 
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T A B U  25. - SUMMARY O F  LONGITUDINAL STABILITY CHARACTERISTICS OF A 

46.2' SWEPTEACK WING 

A = 6.0 RmaX = 6.0 x lo6 1 A ~ A  = itso 

x = 0.600 Ifmx = 0.20 
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TABLE 26.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

46.33' SWEPTBACK WING 

1" = 00 

i 
L. = 40 

c 
t 

i 
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TABm 26.- STJIvBUWY OF LONGITUDINAL STABILITY CHARACTERISTICS O F  A 

46.33' SWEPTBACK WING - C o n t i n u e d  

10.58 

- 

10.25 

10.25 
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TABLE 26.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

46.33’ SWEPTBACK WING - Continued 

I 

13 27.0 

-- 

.05 27.0 

.06 19.0 

.lj 22.0 

.1q 29.0 

-- 

1.08 27.1 

1.w 25. 

-- 

1.21 31.1 
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TABLE 26.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

46.33' SWEPTBACK WING - Continued 

I -  l "  

-+ 
-b 

-I I++=+- 
-I i--i; + I 

39 

39 

39 

39 

39 

- 
39 

- 



Y 
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T A B U  26.- SUMMARY OF LONGITUDINAL STABILITY CKARACTERISTICS OF A 

46.33' SWEPTBACK WING - C o n t i n u e d  

11.58 

- 

t 

t 

39 

39 

39 

L_ 

39 

- 
39 

39 

- 
39 

- 
39 

- 
39 

39 

- 

39 

- 

r) 
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TABU 26.- EXJMMARY O F  LONGI'I'UDINAL STABILITY CHARACTERISTICS OF A 

46.33' SWEPTBACK WING - C o n t i n u e d  

- 1" = 40 

- 
.575 
.eo 

0 .hcL.8 1.2 1.6 2.0 

--I li 
39 

- 

39 

__ 

39 

39 

39 
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TABm 26.- SUMMARY O F  LONGITUDINAL STABILITY CHARACTERISTICS OF A 

46.33' SWEPTBACK WING - Continued 

3Y 

11.39 

- 
3Y 

- 

3Y 

- 

3Y 

39 

39 

- 
39 

- 

39 

I 
, = L O  . 

39 nrms 

39 

- 

39 

- 

39 

- 
39 

- t 
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TABLE 26.- SUMMARY O F  LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

46.33' SWEPTRACK WING - C o n t i n u e d  
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TABLl3 26.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

46.33O SWEPTRACK WING - C o n t i n u e d  

I- 
t-- 

I--- 

- 

1.43 

1.56 

1.54 

1.s 

1.6, - 1.6 

L/D at 
%,.a 0.85 %% 

24.6 - 

24.6 - 

25.6 - 

24.7 - 

24.1 - 

25.0 - 

22.1 - 

22.7 - 

39 

39 

- 
39 

- 

39 

- 
39 

39 

39 

- 

39 

39 

- 
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TABLF: 26.- SUMMARY OF LONGI'?XDINAL STABILITY CIIARACTERISTICS OF A 

46.33' SWEFTBACK WING - Continued 

Lo 

M 
LO 

bO 

- - 
It = -3.760 9 I .ll 

= P 

40 

__ 

Lo 

Lo 

- 
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3 

TABLF: 26.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

46.33' SWEP!TBACK WING - Continued .* 

m 
L.K 
Ice 
21 

W 

- 

M 

Lo 

lo 

LO 

Y < -  
?$= . lb 

r, = 40 lt = - 3 . d  

LO 

- 
M 

x 
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TABLE 26.- SUMMARY O F  LONGITUDINAL STABILITY CHARACT?3RISTICS OF A 

46.33' SWEPTBACK WING - Continued 

- c -  '> 
$- -14 

= P lt = -5.81 
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c 

TABLE 26.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS O F  A 

46.33O SWEPTBACK WING - C o n c l u d e d  
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TABLE 27.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

46.33' SWEPTMCK WING 

pvbllahed j m- I 



NACA RM L 5 2 D 1 6  

1.39 

.39 

1.30 

1.u 

1.34 

1.44 

1 . h  

1.35 

1.4e 

t.61* 

125 

26.5' 

27.0' 

24.2' 

22.50 

24.2' 

22.2c 

27.0; 

24.2' 

23.oc 

31.2' 

TABLE 27.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

46.33' SWEPTBACK WING - Continued 

I 

.eo .\ .575 

m- publlshe 

- 
m- publlahe 

?lam - )5  

.\ : 705 
I 

I = 60' 
m- Dubllahe 

m- 
Publishe 

I m- publlshe 

- 
m- publlaha 

m- 
publlshe 

- 

m- publlehe 

__ 

m- publlshe 

c=t 
6 ii 60' 

II-J 

I 't 
Fxt.  S p l i t  
PlSPI 

- 
bf = bo' 

m- publlahe 

- 
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TABLF: 27.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

46.33' SWEPTEACK WING - Continued 

"On* 1 

I----- 

11.0 1 
IM 

10.1 

9 .o 

- 

I 

- 
mremm - 

un- 
publlshed 

- 

on- published 

- 

un- 
Publlahed 

- 
un- 

pvbllshed 

un- published 

- 
m- published 

- 
un- publlahed 

- 
un- publlehed 

* & not reached. 
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TABLE 27.? SUMMARY OF LOPJGITUDINAL STABILITY CHARACTERISTICS OF A 

46.33' SWEF'TRACK WING - Continued 

m- published 

- 
m- 

published 

- 

m- published 

m- publiahad 

- 

m- pvbllshel 

- 

m- published 

m- publlshed 

m- publlahad 

m- published 

- 
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TABU 27.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

46.33' SWEPTBACK WING - Continued 

~ 

GzZz- 
or L.E.  tiap 
a t  .40b/Z 

of L.E. f lap  
e t  .40b/2 

kzz? 
or LE. r iap  
a t  .525b/? 

m- publiahe 

m- 
publiaha 

m- 
publiaha 

- 
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TABLE  SUMMARY OF LONGITUDINAL STABILITY CHAW~FERISTICS OF A 

46.33' SWEPTRACK WING - C o n c l u d e d  

- 
&nee heirft = o.15tm,, - 
Fence height E O.l5t,, 

O.jOt,.> 

m- ,ublishod 

- 

m- publlahad 

m- publlahec 

m- publlshec 

ml- 
PUbll*haC 

8.5 

- 

m- publlshoc 
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TABLE 28.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

46.35' SWEPTBACK WING 

= 
UACA 
1rr0i1 
mt ion  

64MlO 

6lr~oio 6.82 

12 .M 

12.00 

c/- 

ti- - 
w 

41 
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TABLE 29.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

46.6' SWEPTWCK WING 

NACA I ::::YE 
6kAOlO 

<-> 6kA810 

CL 
0 .k .8 1.2 1.6 2.0 
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 TAB^ 30.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

46.7O SWEPTBACK WING 
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TABLE 30.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

46.7' SWEPTBACK WING - Concluded 

5.01 

__ 

4.w 

__ 

3.99 

14 

4.67 

__ 

6.34 I==-+-- 
14 

6" - 200 - 5.38 

5.57 

6.12 
t 

5.11 

- 
6.11 

- 
6.L5 

I+--+- + 
t 
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, 

TABLE 31.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

47.5' SWEPTBACK WING 

k k  = 45' A = 3.40 
h = 0.510 

Alrfoll sections lpsrwndleulap 

Root: NACA 641A112 

Tlp: NACA 6klAl12 



J 

w 
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TABLE 31.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

47.5' SWEF'TBACK WING - C o n t i n u e d  

P 

6.10 

-. 
- 
6.48 

.300 L.E. 

5.95 b3 

43 6.00 

43 

5.35 43 

5.31 

I '  

43 
6.12 1 

*350 L.B. 
Flap L3 

__ 

L3 

5.75 I 

43 

43 

- 
43 

P 
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TABIS 31.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

47.5' SWEFTBflCK WING - C o n t i n u e d  

- _. 

EL.. 

_?ii 

~ 3 . 0  

- 
'3.0 

- 

Z2.0 

23.0 

- 

22 .o 

22.0 

- 
23 .o 

- 

23.0 

- 

23 .c 

- 
21.c 

- 
21.: 

- 

22.c 

- 

22.< 

- 
22.1 

- 
22.1 

- 
22.1 

- 

0 .hcL.8 1.2 1.6 2.0 

T--=-- C" - 0.10 
5.31 

L3 

I L3 

5.45 43 

5.47 L3 

5.95 4, 

b . l h  

5.35 

6.80 

6.28 

- 
6.15 

5.m 

- 

5.30 i 
5.30 

5 4 5  

6.00 

- 
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TABLE 31.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

47."3' SWEPTBACK WING - Concluded 

w 

5.75 

C. - 0.20 

0. * Mo 
c-2 1.09 22.0 

C" - 0.15 

1.08 22.0 

c"-  0.29 

&-?-> 1.09 23.0 

e". 0.M 

P.60 
IC 1.w 23.0 

C" - BJC 

5 4 0  

- 
5.M bJ 

5.45 

5.45 

L3 

w 

5.75 1.08 22.0 

C" - 0.20 - l .08 
Cb - 0.15 

6.10 

- 

6 . j O  

C" I 0.15 

6,, - Mo 
c-2 1.09 22.0 5 .BO 

c* - 0.20 

6. - 
C *  - 0.10 

5.50 

5 .go 

- 
6.45 

5.45 L3 

6.46 

- c ,- 1.10 22.: 
C". 0.29 
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TABLE 32.- SUMMARY OF LONGITUDINAL STABILITY C ~ C T E R I S T I C S  OF A 

47.3' SWEPTEACK WING 

I 
Ac/4 = 450 A = 5.4 = 6.1 I io 

X= 0.510 yma. = 0.10 

Alrtoll  aectlma lperpsndlculer to 0.250 ohozd 1 lW)  

R o o t :  UACA b41AU2 

TIP: RACA bblAl12 
L 

Elgh 

WI 
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TABLE 32.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

47.7' SWEPTBACK WING - C o n c l u d e d  

0.0050 

0.005~ 

I 

sosled I- 

r l  
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TABU 33.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  C I W i A C T E R I S T I C S  OF A 

47.5' SWEPTRACK WING 

15 
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.IO 

.l4 

.15 

.21 

1.09 

1.11 

1 4  

1.21, 

1.10 

1.18 

1.15 

1 . 2 ~  

NACA RM ~32~16 

'4n4i°CLrn. 

25.5 

22.5 

19.6 

21.5 

22.8 

d . 0  

20.0 

21.5 

23.0 

2lL.e 

20.3 

-_ 
21.5 

Y 

TABU 33.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTEXISTICS OF A 

47.5O SWEPTBACK WING - C o n c l u d e d  

C, Chernersrlrtlca conripration 

%sled 

w 

- 
45 

- 
45 

Sealed I 
0.037 

- 

0 b5 

- 
45 0,037 

0 

- 
0.037 

Saalsd c 
0 

- 

0.037 

- 
0 

- 
0.031 

- 

Sealad c L5 

b5 
.zoo I :E 

k5 

- 
w 

- 

Saalad 
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TABLE 34.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

47.5' SWEPTBACK WING 

3.57 

- 

3.19 

~ 

4.94 

5 .oo 

- 

4.86 

__ 

5.05 

- 

4.e5 

- 

4.69 

- 
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TABU 34.- SUMMARY OF LONGITUDINAL S W I L I T Y  CHARACTERISTICS OF A 

47.5' SWEPTBACK WING - Continued 

f b/2 I - 

.250 
L.E. 
moo 

- 

.goo 
L.E. 
moo 

- 

.75c 
L.8. 
Gro< 

1 .Ol 
L.8 
moc 

3.21 

3.40 

4.36 

t 

t 

M 

- 

M 

M 
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TAB= 34.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

47.fs0 SWEPTBACK WING - C o n c l u d e d  
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TABLE 33.- SUMMARY O F  LONGITUDINAL STABILITY CHARACTERISTICS OF A 
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TABU 35.- SUMMARY OF LONGITLJDINAL S T A B I L I T Y  CIfARACTERISTICS OF A 

47.7O SWEPTBACK WING - C o n t i n u e d  
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B- 

TABU3 35.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

47.7' SWEPTEACK WING - Continued 
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TABU3 35.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

47.7' SWEPTBACK WING - Continued 
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TABm 35.- SUMMARY O F  LONGITUDINAL STABILITY CHARACTERISTICS O F  A 

47.7' SWEPTBACK WING - Continued 
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TABU 35.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CRARACTERISTICS O F  A 

47.7' SWEFTEACK WING - C o n t i n u e d  
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TABLE 35.- SUMMARY OF LONGITUDINAL ,STABILITY C m C T E R I S T I C S  OF A 

47.7' SWEPTBACK WING - C o n t i n u e d  
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TABU 33.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

47.7O SWEPTBACK WING - Continued 
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TABm 35.- SUMMARY O F  LONGITUDINAL STABILITY CHARACTERISTICS OF A 

47.7O SWEFTBACK WING - Continued 
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TABLE 35.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

47.7' SWEPTBACK WING - C o n t i n u e d  
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TABU 35.- SUMMARY O F  LONGITUDINAL STABILITY CHARACTERISTICS OF A 

47.7' SWEPTEACK WING - Concluded 
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TABLE 36.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

48.1' SWEPTBACK WING 
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TABU 37.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

48.4' SWEF'TBACK WING 
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TABLE 38.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

48.6' SWEFTBACK WING 
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TABU 39.- SUMMARY OF LONGITUDINAL STABILITY CHARACmRISTICS OF A 

5 2 O  SWEFTBACK WING 
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TABLE 39.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

52' SWEPTBACK WING - Continued 
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TABLE 39.- SUElMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

52' SWEFTBACK WING - Continued 
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T K B U  39.- EXlMMARY OF LONGITUDINAL STABILITY CHARAC'ITRISTICS OF A 
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TABU 39.- SUMMARY O F  LONGITUDINAL STABILITY CHARACTERISTICS OF A 

52O SWEPTBACK WING - C o n t i n u e d  
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TABU 39.- SUMMARY OF LONGIWDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

52' SWEPTBACK WING - Concluded 
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T' 40.- SUMMARY O F  LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS O F  A 
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TABU?, 40.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

5 2 O  SWEPTBACK WING - Continued 
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TABU 40.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS O F  A 

52' SWEPTEACK WING - Continued 
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TABU 40.- SJMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

52' SWEFTBACK WING - Concluded 
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TABU2 41.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 

60° SWEPTBACK WING 
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TABLE 41.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 
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T A B U  42.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CIIARACTERISTICS OF A 

60° SWE2TEACK WING 
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TABLE 42.- SUMMARY O F  LONGITUDINAL STABILITY CHARACTERISTICS OF A 

60° SWEPTEIACK WING - Concluded 
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TABLE: 44.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS O F  A 
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TABLE 43.- SUMMARY OF LONGITUDINAL STABILITY C m C T E R I S T I C S  O F  A 

63' SWEPTRACK WING 
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TABZ;E 45.- SUMMARY O F  LONGITUDINAL STABILITY CHARACTERISTICS OF A 

63O SWEPTBACK WING - Concluded 
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TABZ;E 46.- SUMMARY OF LONGITUDINAL STABILITY CHARACTERISTICS OF A 
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TAIBLE 47.- SUMMARY O F  LONGITLTDINAL STABILITY CHARACTERISTICS OF A 

63.43' SWEPTBACK WING 
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TABLE 48.- SUMMARY OF LONGITUDINAL S T A B I L I T Y  CHARACTERISTICS OF A 

63.43' SWEPTBACK WING 
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of ref. 67 
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Figure 1.- Effect  of sweep on the load dis t r ibu t ion  of a wing having an 
*y aspect r a t i o  of 8.02 and a taper  r a t i o  of 0.42. 
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Figure 3.- Variations of pitching-moment coefficient with lift coefficient 
for a family of wings having aspect ratio of 6.0, taper ratio of 0.5, 
NACA 2415 airfoil sections, and various amounts of sweep. (Data taken 

3 from ref. 70.) 
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Figure 9.- An example of the  reduction of the longitudinal s t a b i l i t y  and 
out-of-trim pitching moment of a de l t a  wing (Au = 600) by the  leading- 
edge vortex flow resu l t ing  from leading-edge separation. 
obtained from ref. 55. )  
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Figure 10.- An example of the effect of mixed-flow separation resulting 
from an increase in Reynolds number from 1.10 to 6.00 x 10 6 on the 
pitching-momect characteristics. (Data obtained from ref. 72. ) 
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Figure 11. - Variation of the l i f t  coefficients with Reynolds number a t  
which trailing-edge separation and leading-edge separation occur. 
(Data obtained from ref .  72 and unpublished probe da ta . )  
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Figure 12. - Empirical longi tudinal-s tabi l i ty  boundary of reference 10 
and i t s  relationship t o  l i nes  of constant area ra t io .  
data obtained from refs. 55 and 74.) 
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Figure 16. - The effect of nacelles on the pitching-moment charac te r i s t ics  
of a sweptback wing-fuselage combination ( A 4 4  = 33') having an aspect 
r a t i o  of 9.43 and a taper  r a t i o  of 0.42. (Data obtained from ref. 76.) 
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Figure 17.- S t a l l  pat terns  on a sweptback wing Ac/4 = 35') having an ( 
aspect r a t i o  of 6.0, a taper  r a t i o  of 0.5, and NACA 6k1-212 a i r f o i l  
sections equipped w i t h  an extensible leading-edge slat, an extensible 
leading-edge f lap,  and a droop-nose f lap.  
ref. 27.) 
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Figure 19.- Influence of several  types of stall control devices on the 
longitudinal s t a b i l i t y  boundaq of reference 10 f o r  wings having 
taper  r a t io s  greater  than 0.4. 
references. ) 
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Figure 25.- The ef fec t  of extensible leading-edge f laps  and fences on 
the pitching-moment character is t ics  of a twisted and cambered 
sweptback wing (A,/j+ = 6 0 . 8 ~ )  having an aspect r a t i o  of 3.5, and a 
taper  r a t i o  0.23. (Data obtained from reference 79.) 
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r'igure 2U.- Downwash prof i les  behind a sweptback wing (A,$+ = 50") having 
an aspect r a t i o  of 2.9, a taper  r a t i o  of 0.623, and NACA 641-112 a i r -  
f o i l  section. Prof i les  located a t  a t a i l  length of approximately two 
mean aerodynamic chords and a t  a s t a t ion  0.313 semispan outboard of 
the plane of symmetry. (Data obtained from ref .  13.) 
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Figure 30.- Comparisons of the experimental l i f t -curve slopes for several  
wings with those calculated by several  methods avai lable  f o r  rapialy 
making such estimates. 
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n, Figure 33.- Variation of maximum-lift coef f ic ien t  with Reynolds number 
f o r  several  sweptback wings with various amounts of camber. Effect 
of Mach number on the  low-speed maximum-lift coefficient i s  indicated 
f o r  one wing. 
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(ref. 11) 

( a )  Wings of varying aspect r a t i o  but having a constant 
taper  r a t i o  of 1.0 and NACA 23012 a i r f o i l  sections, 
which were perpendicular t o  the leading edge. , 
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( b )  Wings have an aspect r a t i o  of 4, a taper  r a t i o  of 0.6, 
and NACA 65~006 a i r f o i l  sections p a r a l l e l  t o  the  plane 
of symmetry. 

Figure 36.- Variation with sweep angle of maximum l i f t  increment and l i f t  

Flaps deflected 60°. 
increment a t  an angle of a t tack  of Oo due t o  semispan s p l i t  f laps  for 
two families of wings. 
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Figure 41.- Variations with sweep angle of the r a t io s  of' induced drag 
coefficient fo r  e l l i p t i c a l  loading t o  the calculated induced drag 
coefficient fo r  wings of various aspect r a t io s  and taper  ra t ios .  
Calculations made by the Weissinger method using 15 points i n  the 
solution. 
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F Figure 43.- Wake drag charac te r i s t ics  f o r  a swept and unswept a i r f o i l  
section. (Data obtained from ref. 87.) 
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Figure 44.- Variations of the  p ro f i l e  drag coef f ic ien t  f o r  an unswept 

and sweptback wing with l i f t  coeff ic ient .  
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Figure 4’3.- An i l l u s t r a t i o n  of the e f f ec t  of sweep on the estimated and 

(Data obtained from 
experimental values of effect ive profile-drag coeff ic ient  a t  low angles 
of a t tack  f o r  two types of trailing-edge f laps .  
refs. 47 and 88.) 
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